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3'-End processing of pre-mRNA in eukaryotes. 
Wahle E, Ruegsegger U. 

Institut fur Biochemie, Martin-Luther-Universitat Halle-Wittenberg, 
Germany. ewahle@biochemtech.uni-halle,de 

3'-Ends of almost all eukaryotic mRNAs are generated by endonucleolytic 
cleavage and addition of a poly(A) tail. In mammalian cells, the reaction 
depends on the sequence AAUAAA upstream of the cleavage site, a 
degenerate GU-rich sequence element downstream of the cleavage site and 
stimulatory sequences upstream of AAUAAA. Six factors have been 
identified that carry out the two reactions. With a single exception, they have 
been purified to homogeneity and cDNAs for 1 1 subunits have been cloned. 
Some of the cooperative RNA-protein and protein-protein interactions withir 
the processing complex have been analyzed, but many details, inc hiding the 
identity of the endonuclease, remain unknown. Several examples of regulatei 
polyadenylation are being analyzed at the molecular level. In the yeast 
Saccharomyces cerevisiae, sequences directing cleavage and polyadenylatior 
are more degenerate than in metazoans, and a downstream element has not 
been identified. The list of processing factors may be complete now with 
approximately a dozen polypeptides, but their functions in the reaction are 
largely unknown. 3'-Processing is known to be coupled to transcription. This 
connection is thought to involve interactions of processing factors with the 
mRNA cap as well as with RNA polymerase II. 
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Molecular genetics of the RNA polymerase II general 
transcriptional machinery. 

Hampsey M. 

Department of Biochemistry, Division of Nucleic Acids Enzymology, Rober 
Wood Johnson Medical School, University of Medicine and Dentistry of Ne> 
Jersey, Piscatav^ay, New Jersey 08854-5635, USA. hampsemi@umdnj.edu 

Transcription initiation by RNA polymerase II (RNA pol II) requires 
interaction between cis-acting promoter elements and trans-acting factors. 
The eukaryotic promoter consists of core elements, which include the TATA 
box and other DNA sequences that define transcription start sites, and 
regulatory elements, which either enhance or repress transcription in a gene- 
specific marmer. The core promoter is the site for assembly of the 
transcription preinitiation complex, which includes RNA pol II and the 
general transcription fetors TBP, TFIIB, TFIIE, TFIIF, and TFIIH. 
Regulatory elements bind gene-specific factors, which affect the rate of 
transcription by interacting, either directly or indirectly, with components of 
the general transcriptional machinery, A third class of transcription factors, 
termed coactivators, is not required for basal transcription in vitro but often 
mediates activation by a broad spectrum of activators. Accordingly, 
coactivators are neither gene-specific nor general transcription factors, 
although gene-specific coactivators have been described in metazoan 
systems. Transcriptional repressors include both gene-specific and general 
factors. Similar to coactivators, general transcripfional repressors affect the 
expression of a broad spectrum of genes yet do not repress all genes. General 
repressors either act through the core transcriptional machinery or are histon( 
related and presumably affect chromatin function. This review focuses on th( 
global effectors of RNA polymerase II transcription in yeast, including the 
general transcription factors, the coactivators, and the general repressors. 
Emphasis is placed on the role that yeast genetics has played in identifying 
these factors and their associated functions. 
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Recognition of the 5' splice site by the spliceosome. 
Konarska MM. 

The Rockefeller University, New York, NY 10021, USA. 
konarsk@rockvax.rockefeller.edu 

The splicing of nuclear pre-mRNAs is catalyzed by a large, multicomponent 
ribonucleoprotein complex termed the spliceosome. Elucidation of the 
molecular mechanism of splicing identified small nuclear RNAs (snRNAs) a 
important components of the spliceosome, which, by analogy to the self- 
splicing group II introns, are impHcated in formation of the catalytic center. 
In particular, the 5' splice site (5'SS) and the branch site, which represent the 
two substrates for the first step of splicing, are first recognized by Ul and U2 
snRNPs, respectively. This initial recognition of splice sites is responsible fo 
the global definition of exons and introns, and represents the primary target 
for regulation of splicing. Subsequently, pairing interaction between the 5'SS 
and Ul snRNA is disrupted and replaced by a new interaction of the 5'SS 
with U6 snRNA. The 5'SS signal contains an invariant GU dinucleotide 
present at the 5' end of nearly all known introns, however, the mechanism by 
which the spliceosome recognizes this element is not known. We have 
identified and characterized a specific UV light-induced crosslink fomied 
between the 5'SS RNA and hPrpB, a protein component of U5 snRNP in the 
spliceosome that is likely to reflect a specific recognition of the GU 
dinucleotide for splicing. Because recognition of the 5'SS must be linked to 
formation of the catalytic site, the identification of a specific and direct 
interaction between the 5'SS and PrpS has significant implications for the rol 
of this protein in the mechanism of mRNA splicing. 
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Isolation and characterization of mutants of firefly luciferase which 
produce different colors of I^t 



Naoki Kajiyama and Eiidii Nakano 

Research and Development Division. Kikkoman Corporation, 399 Noda. 
Noda-city, Chiba 278, Japan ^ 
The luciferase cDNA bom the *Genji' fir^, Ludola crudata^ 
was mutated with hydroxylatxune to isolate mutant hidferases. 
Some of the isolated mutant enzymes produced different 
colors of light, ranging frc»n green to red. Five such mutants, 
producing green (X^ax = 558 nm), yellow-orange - 
595 nm), orange (X^a, = 607 nm) and red light (X^ = 609 
and 612 nm), were analyzed. The mutations were found to 
he single amino add chaises, from Val239 to He, Pro452 to 
Ser, Ser286 to Asn, Gly326 to Ser and His433 to Tyr 
respectively. 

Key words: color mutant/firefly luciferase/random mutagenesis/ 
wavelength of maximum intensity 



Introduction 

Firefly luciferase catalyzes the production of light from luciferin 
in the presence of ATP, Mg^"*" and molecular oxygen (Deluca 
and McElroy, 1978). This enzyme efficiently converts chemical 
energy into light with a quantum yield of 0.88 (Seliger and 
McElroy, 1960). Due to its high sensitivity and extreme speci- 
ficity for ATP, luciferase has been used for assay of ATP in 
various biological samples (Ludin, 1981). 

The luciferase cDNA from the Japanese firefly, Luciola 
cruciata ('Genji-botaru' in Japanese), has been cloned and 
analyzed in our laboratory (Masuda et al, 1989). The primary 
structure of this luciferase deduced from the nucleotide sequence 
was shown to consist of 548 amino acids, with a total molecular 
weight of 60 024. This luciferase catalyzes a reaction that 
produces yellow-green light Ow = 562 nm), which is die 
same as that emitted by the North American firefly (Seliger and 
McElroy, 1964). It has been shown that the colors of light emitted 
by fireflies vary among species from green to yellow (X„^ - 
543-582 nm) (Seliger and McElroy, 1964). Since the substrate 
(D-luciferin) is the same for all species, the differences in the 
color of the light must be due to variations in the structure of 
the enzymes (McElroy and Seliger, 1966). Recenfly, cDNAs of 
luciferase from the bioluminescent click beetle, Pyrophorus 
plagiophthalamusy were cloned and their nucleotide sequences 
determined (Wood et al. , 1989a). These cDNA clones code for 
luciferases of four different types, distinguished by the colors 
of their bioluminescence. The amino acid sequences of these 
luciferases are 95-99% identical, and less than two or three 
amino acid changes are needed for the spectral shift in the color 
(Wood etal., 1989b,c). 

In the course of mutagenesis studies of luciferase cDNA from 
Luciola cruciata^ we found that some mutants emitted different 
colors of light. Sequence analysis of these mutants revealed that 
the mutations were single amino acid changes. 



Materials and methods 

Flasmid, Escherichia coll strain and media 
Plasmid pGLf37 was constructed from pGjj^fl by Mr H.Tatsumi 
in our laboratory (Masuda et al, 1989). Escherichia coli strain 
JM 101 {SupE, thi, A(lac-pro), [F'traim/lacIZAMl5,proAB]) 
(Yanish-Perron et al., 1985) was used for the expression of 
luciferase cDNA. The E.coU cells were grown in LB broth (1 % 
Difco tryptone/0.5% yeast extract/0.5% sodium chloride), and 
50 /ig/ml ampicillin was added when necessary. 
Mutagenesis and screening of 'color* mutants 
Plasmid pGLf37 containing Genji-firefly luciferase cDNA was 
treated, according to the methods of Kironde et aL (1989), with 
0.8 M hydroxylamine/0.1 M sodium phosphate/1 mM ethylene- 
diaminetetraacetic acid (EDTA), pH 6,0, for 2 h at 65*^0 (Figure 
1). The mutagen-treated plasmid was precipitated with ethanol 
and redissolved in 10 mM Tns^HCl/l mM EDTA, pH 8.0, 
followed by transformation into E,coli JM 101. After 12 h at 
37°C, colonies on LB/ampicillin plates were tranisferred to 
nitrocellulose filters. The filters were soaked with 0.5 mM 
luciferin in 1(X) mM sodium citrate buffer, pH 5.0 (Wood and 
DeLuca, 1987), and the colors of bioluminescence emitted by 
the colonies were monitored. 
Purification of luciferase 

Escherichia coli JM 101 cells harboring the mutant plasmid were 
cultured in 3 ml of LB broth containing ampicillin at 37*0 for 
12 h. The cultures, 2 ml eac^;i, were inoculated into IQO ml of 
LB broth containing ampicillin. After growth at 37**C for 6 h, 
the cultures were harvested. Escherichia coli peDets were 
resuspended in lysis buffer (100 mM potassium phosphate, pH 
7.8/2 mM EDTA/1 mg lysozyme per ml), incubated on ice for 
15 min and then frozen on dry ice. The frozen pellets were 
allowed to thaw at 25*^0 and cleared by centrifugation. 

The lysates of E.coli were fracticmted with ammonium sulfate; 
the fiction precipitated between 0.3 and 0.6 samration was 
saved. The precipitate was dissolved with 25 mM Tris-HCl 
buffer, pH 7.8/1 mM EDTA/10%-saturated ammonium sulfate, 
and then loaded on an Ultrogel AcA34 gel filtration colunui 
(LKB). The active fraction was applied to a hydroxy apatite 
column (Tosoh, Tokyo, Japan), followed by elution with a 
10-100 mM sodium phosphate gradient. 

DNA sequencing 

Various restriction fragments derived from mutant luciferase 
cDNA were subcloned into pUCl 18 or pUC119, and sequenced 
using a DNA sequencer model 373A (Applied Biosystems). 

Results and discussion 

Screening of 'color* mutants 

As shown in Figure 1 , pGLG7, which is a plasmid directing the 
synthesis of active luciferase in E.coli under control of die trp 
promoter, was treated with hydroxylamine solution for 2 h at 
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TaWe I. Wavelength of maximum intensity of light from wild-type and 
mutant luciferases 



Hydroxyiamine treatment 
Transformation of Ecoli 
Soak with luciferin solution 

Isolation of "color" mutants 

Fig. 1. Strategy of mutation. Plasmid pGLf37 containing Genji firefly 
luciferase cDNA was treated according to Materials and methods. Clear and 
solid portions show the luciferase cDNA and trp promoter respectively. 
AbbrcviatitMis: E, £coRV; P, Psil\ S. Sspl; Ap, ampidllin resistance gene. 




Fig. 2, The color of biolutninescence emitted by the wild-type and mutant 
luciferases. Left to right: yeUow-green (wild-^pe luciferase); ydlow-orai^e; 
orange; red; green; yellow. These luciferases were purified according to ' 
Materials and methods. Ten microliters of these lucifierases were added to 
400 /d of substrate mix (25 mM glycylglydne, pH 7.8/5.4 mM 
MgSO4/0.086 mM hK;iferin/2 mM ATP) to confirm tiic bioluminesccncc. 

65**C. The plasmid was transfoimed into Exoli JM 101. To 
monitor the colors of bioluminescence, the transformants were 
soaked with luciferin solution. Subsequently, we isolated several 
mutants, producing colors of light varying from green to red. 
Bioluminescence spectra of mutant luciferases 
Mutant luciferases were purified to homogeneity as described 
in Materials and methods. Figure 2 shows the colors of light 
emitted by the purified enzymes. When their spectra were 
measured with a IMUC-7000 intensified multichannel photo- 
detector (Otsuka Denshi, Osaka, Japan), the wavelengths of 
maximum intensity were 558 nm for green, 565 nm for yellow, 
595 nm for yeUowK^range, 607 nm for orange and 609 and 612 
nm for red (Table |, 

It is known that luciferase from die American firefly produces 
light vidth a peak icSensiQ^ at "560 nm (ydlow-green) under 
optimal conditions (SeHger and McElroy, 1964). However, this 
peak can be affected by temperature, pH and metal ions. At low 
pH or m the presence of heavy metals, the emission peak is shifted 
toward the red, showing an emission of — 615 nm, but with 
a marked decrease in the quantum yield of the reaction (Seiiger 
and McElroy, 19607 1964). This phenomenon is also observed 
for Genji firefly luciferase. In the mutants C-M-1, 2, 3, 4 and 
11, by contrast, the spectral peaks were shifted toward longer 
wavelengths under optimal conditions, with no detectable 
decrease of light intensiity . Moreover, for mutants C-M-3 (red) 
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The spectra were measured with a IMUC-7000 intensified multichannel 
photodetector at pH 7.8 and pH 6.0. Except for pH. the condition for 
luminescence was the same as described in Figure 2. 
*Color was confirmed at pH 7.8. 



Table H. DNA sequence and aniino acid sequence change in mutants 



Mutant 


Color 


Base change 


Amino acid diange 


C-M-1 


orange 


G857 - A 


Ser286 - Asn 


C-M-2 


red 


G976 - A 


Gly326 - Ser 


C-M-3 


red 


CI297 - T 


His433 - Tyr 


C-M-4 


yellow-orange 


C1354 - T 


Pro452 - Ser 


C-M-6 


green 


G715 - A 

■/ 


Val239 - De 



and C-M-6 (green) there was no pH effect on emission spectra 
(Tabk I). For the other red (C-M-2), orange (C-M-1) and yellow- 
orange (C-M-4) mutants, the shift of spectral peak at pH 6.0 was 
detected slightly, but was not so large as for Genji luciferase. 
On the other hand, for Ae yellow mutant C-M-1 1 , the shift was 
largest in the mutant luciferases and its reaction decay was similar 
to that for Genji luciferase. In contrast, the reaction decay in the 
C-M-3 and C-M-6 mutants at pH 6.0 was not as great as that 
of Genji wild-type luciferase (data not shown). It is uncertain 
whether the color shifts and decay rates of the hght output at 
low pH are related to each other. 
Amino acid sequences of mutants 

Determination of the nucleotide sequences in some mutant 
luciferases (green, yellow-orange, orange and red) was carried 
out to identify the base changes present. As shown in Table n, 
the change in the yeUow-orange niutant was found to be ftom 
CCA to TCA, resulting in a change of Pro to Ser at position 
. 452. In the orange mutant, the alteration was from Ser to Asn 
at position 286. In the two red mutants, the changes for C-M-2 
and C-M-3 were identified as Gly326 to Ser and His433 to Tyr 
respectively. The green mutant contained a change of Val to lie 
at position 239. These results indicate that only a single amino 
acid substitution in a luciferase molecule is enough to produce 
the change in bioliAiinescence color. 

Recently the nucleotide sequMices of click beetie luciferase 
cDNAs were determined by Wood et oL (1989a). These are of 
four different typ^, distinguishable by the colors of light 
produced by the luciferases they code; green, yellow-green, 
yellow and orange. Fragments of the four differmt types were 
recombined to construct hybrid luciferases, and two groups of 
amino acids, each capable of producmg a change in the spectmm 
of luciferase greater than 16 nm, were detected (Wood fl/. . 
1989b). For the-first set, which contains the changes Arg223 to 
Glu and Leu238 to Val, the spectrum shifts from 560 to 577 nm. 
The spectrum for the other set. containmg the changes Ser247 
to Gly. Asp352 to Val and Ser358 to Thr. shifts from 560 to 
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580 nm. It is not known whether all the amino acids in each set 
are required for the spectral change. 

In our experiments the colors of light were sh own to be changed 
effectively by only one amino acid substitution (Table II). Four 
mutants showed an upward spectral shift of >30 nm, and the 
wavelength of their maximum light intensity was far longer than 
the orange of click beetle luciferase (593 mn). A red mutant (C- 
M-3), containing a change of His433 to ly, showed an espedally 
large upward shift of 50 nm to 612 nm. 

When the sequences of the mutant luciferases were compared 
with those of click beetle enzyme^, no common amino acid 
sequence affecting the color of light was detected. Further, in 
the color mutants of firefly lucifera|e, there was no reversal of 
hydrophobicity or a large change in the conformational 
parameters of the secondary structure. For example, in the green 
mutant, the amino acid alteration was from Val to De. Both of 
these are hydrc^hobic, and conformational parameters for the 
a-helix and jS-sheet together with their charges are also similar 
(Chou and Fasman, 1978). When we estimated the secondary 
structures of wild-type and mutant luciferases from each of the 
primary structures using the algorithm of Gamier et al (1978), 
no drastic stmctural dianges were detected. Thus, it may be con- 
cluded that the different colors of bioluminescence were caused 
by only subtle differences in the tertiary structure of the luciferase 
molecule. It would be of. interest to discover whether the color 
change, which is a unique parameter for luciferase, is related 
to the other enzymatic properties. Further studies, including 
examination of the prc^)erties of these color mutant enzymes and 
analysis of their tertiary structures, would elucidate the relation- 
ship between the strucmre and function of luciferase. 

Firefly luciferase has been used for assay of ATP in various 
biological samples (Ludin, 1981). The mutant luciferases 
described above could be used more effectively for determining 
the amount of ATP in colored samples. In the case of red-colored 
samples, determination was found to be twice as sensitive using 
the mutant enzyme producing red light than with wild-type 
luciferase (data not ^own). 

Hydroxylamine treatment used in this study was a very siinple 
and efficient method for introducing random base substitutions 
into luciferase cDNA, However, since this chemical mutagen 
causes only GC to AT transition mutations, mutants with limited 
substitution of amino acids can be obtained. To overcome this 
problem, Myers et al (1985) used the method of treating single- 
stranded DNA with nitrous acid, formic acid and hydraziiie, 
followed by the synthesis of the complementary strand with 
reverse transcriptase. Using this method for luciferase, various 
color mutants which c^ot be found at present may be obtained. 

In the present study , we succeeded for the first time in isolating 
several 'color' mutant luciferases. Sequence analysis revealed 
that only a single amino acid change in the 548 amino acids of 
luciferase is enough for the color variation. Analysis of other 
mutant luciferases is now in progress. 
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Introduction to Beetle Luciferases and their 
Applications 



Keith V. Wood*. Y. AmY Urn and WUliam O. McBroy 

Dep9nm«ni ol Chemistry. M-001, Universitv of C«lHom(i, San DI«qo, iM Jo\lt, CA 92093, USA 



All b««lU hiclf«rat«s hivt cvofvad from a commofi tncMlor: thay all ua« ATP, Oi, and a 
common ludforin as substratos. Tht moat atudlod of thoaa Juclfcrsaos la that dadvod from tfta 
firally PhotinuM pyntlB, a baatia in tha auparfamify of Cantharoidaa. Tha aanaWvity witti 
which tha actfvity of thia anzyma ean ba aaaayad haa mada It usaftil in tha maaauramant of 
mimita conoantratlona of ATP. WHh tha donlfig of tha cCNA coding thia lucifaraaa, H haa also 
found wida appNcatfon in molactilar biology aa a rapoftar gana. Wa hava recentfy donod 
othar cONAa that ooda for ludfaraaaa from tha biolumjnaacant dlch baatia, Fyrophorvs 
pisgiopMhsismuM, in tha auparfamfly Eiataroldaa. Thaaa nawly aoqutrad lucifaraaaa ara of at 
leaat four diffarant typaa. dIstlngidahaMa by thair ability to arait dlffarant coloiira of 
biolumtnascanca ranging from gcaan to oranga. Untqua propartiaa of thaaa lucffarataa. 
•spaclaOy thatr amtaaion of multipla colours, may malia lham addHtonaHy u»«ful In 
af^icationa. 

Keywords: Firefly lucif erase; click beetle lucifaraaes; reporter genes 



INTRODUCTION 

Miui's percepiton of the world is vixually 
oriented. Since hinlumine^cencc is one of the few 
things that can he seen in the dark, it \s 
un«JcrslanJ;ihle thai this hus he<;n » topic uf 
biochemical research for many decades. Fireflies 
have hccn promineni in this research endeavour, 
in part because they are abundant and their light 
organs arc replete with lucifcrasc. Thus they 
provided a plentiful rejcHjrcc for funher study. 
Early research on fireflies wa.^ done primarily to 
better understand this peculiar phenomena of 
living tight. .Sometimes, though, the earlicfft work 
was justirted as a means of developing artifidal 
lighting;. In the late l9Mh, when the general 



impontince of ATP metaboiiitm was jusi becom- 
ing recognised, it was discovered that ATP was 2 
component in the luminescent reaction of fire- 
flies. The finslly lucif erase became i>nc of the 
paradigms of A IP-ultliTiing enTymes. Because of 
the extreme scnxitivuy with which the activity of 
this enrymc could be «issayed. it was Mnm adapted 
as a toot in the measurement of very low 
amcentrations of ATP. Subscc|uently, lucifcrasc 
was combined with other ATP-utili/Jng enzymes 
to produce coupled enzymatic systems. In these 
systems » the lucifcrase was the reporter allowing 
sensitive measurements of a wide variety of 
mciaboliics. 

Recently, firefly lucifcrase has found new 
application as a reporter of genetic activity in 
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Kving cells. Its application in this area wu made 
possible by the cloning of its cDNA, which can 
direct the synthcMs of active enzyme in foreign 
hosts (de Wet et al.. mS), In this report, we 
describe briefly how the properties of hidferase 
have made it well suited for this purpose. We also 
present information oo the recent doning of 
several new cDNAs from a bioluminescent cCck 
beetle (Wood et qL, I98ga). Tbese cDNA donet 
encode for four different types of hidferases, 
which can be distinguished by their ability to emit 
different colours of bioluminesoence. Ttoc cd- 
oun range from green to orange. Structurally, the 
click beetle hidferaacf differ significantly from 
the firefly ludferase, and these differences m 
refleaed In their chemical properties. Because of 
this, the click beetle hiciferases may have 
additional features to make them uMful as genetic 
reporter. 



PAOPB«TIES OF TWE RREFLY LUCIFEIUSE 

All beetle ludfera.ses catalyse the conversion of 
cftemicat energy into light by a Iwo^stcp proccu 
(Fig^ IKScli^r and McEtroy, 1%4; DeLtica and 
McElroy, J978). This process utUizes ATP, Oj, 
and beetle luoferin. a unique heterocyclic' acid 
found only in bioluminescent beetles. In the first 

"7'/!!^^"'^^'*^ «^"P ^ ««aferin is 
aciivaied 1^ acylation with the alpha-phosphate 
of ATP The luciferyj adenyUte is then oxidized 

* uTwS?^^"L^*y<^"» "^^^ «cp, to 

yield AMP. carbon dioxide, and oxyludferin: The 
oxyiocifcnn is generated in an ekctrontoUly 
exated state which, upon transiUon to the ground 
state, enuu the photon characteristic 5 bio- 
luminescence. For firefly ludfcrase, the most 

J!S5?«,fK '^* ^''^ 

yield for this reaction has been measured at 0 « 
relative to the consumption offudferin (McEboy 



and Seliger. 1960). llus is the highest yidd 
reported for any luminescent reaction. 

Under optimal condltiuns the llnefly iudferase 
emits light whose peak intensity is at 561 nm 
(yellow-grecn). This is the same as the light 
emitted from live fireflies. Under a variety of 
conditions, however, the structure of Iudferase 
can be altered to a form which emiu prcdonu- 
nately at 617 nm (red) (Seliger and McElroy, 
1964). Some conditions which can cause this 
spedral shift are pH below 7.5, temperature 
above 20 X, the presence of denaturaats such as 
wet, and the presence of heavy metaJs such as 
S^/ Cd**, or Ht»* (Se»fler and McElroy, 
iy64). Some chemical moalficatk>ns of the 
enzyme, or the use of substrate analogues, can 
also cauK the enzyme to emit red light (DcLuca 
«r ff/., 1973; Alter and Oduca, 1986). In the case 
of pH, the shift to red light is assodated with a 
substantial decrease in the quantum yield of the 
reaction (McElroy and Seliger, 1966). This 
decrease in quantum yield is probably evident 
WKler any condition that promotes the red- 
emitting form. The spectral shift atsoctated whh 
changes in temperature, or the presence of 
denaiurants, can be interpreted as resulting from 
paniaJ unfolding of the enzyme structure. For 
others conditions, it is not known whether the 
effects are localized to key reactive residues, or 
whether they also cause general perturbations to 
the structure. Aside from the actual decrease in 
the quantum effidency of Iudferase in the 
readmitting form, the spectral shift also causes 
«n apparent decrease in enzymatic activity, TTiis is 
bmuse photomultiptier tubes are generally much 
ten sensitive to red light than green light Both 
these real and apparent affects combine to give a 
large pli d^ndence to the measured light 
output of firefly Iudferase. The optimal pH for 
light output h pH 7.8. 

Under conditions of excess substrates, the light 
output of Iudferase is proportional to the 
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ooDceotratioo of enzyme over at \cM a I0>000- 
fold rtngc. With the use of a sensicive lumino- 
meter, as little as 10 femtograms of enzyme can 
be detected molecules). Initiation of the 
luminescent reaction by rapid mixing of the 
substrates with the enzyme results in a rapU 
release of light which reaches maximum intensity 
after about 0.3 seconds. The intensity ti then 
quickly inhibited in a biphasic manner, reachittg 
about 10% of its peak value after 30 seconds. 
Beyond one minute the intensity is produced 
from a steady-state process which decays slowly 
over several hours. Because the peak luminesc- 
ence u typically over 10-fo(d greater than the 
steady-state luminescence, the enzymatic assay is 
most sensitive when the first 30 seconds of the 
reaction arc included in the measurement of total 
light output. This is typically accomplished in a 
luminometer where the reaction is initiated in 
front of the phoiomuliipHer tube by injection of 
substrates directly into the sample holder. 

Firefly hiciferase is a 61 kD enzyme which 
apparently is active as a monomer. It is coded by 
a 550 amino acid reading frame in ite raRNA, and 
is probably produced as an active enzyme without 
the necessity of post-translaiional modifications. 
In the firefly, the enzyme is located in specialized 
peroxisomes of the light organ (Keller ei a/., 
1987). It is directed to these sub-celhdar 
organelles by a targeting sequence al the C 
tcrminus of the protein (Gould and Subramani. 
i988b. 1988c). This targeting sequence is ooo- 
served throughout eukaryotes. and will cause the 
luciferase to localize in the peroxisomes of other 
organisms when expressed in exogenous hosts. 



APftJCATION OF FIREFLY LUaFERASE AS A 

With the past decade have come dramatic 
advancements in our ability to manipulate genetic 
materials. Enabled by these new techniques, ihc 
study of siib<eltutar events which regulate 
genetic activity has become one of the largest 
areas of research today. A key tool in this area of 
research is the reporter gene, which provides an 
observable parameter in the monitoring of 
genetic events at a molecular level. In tU fdmplest 
form, a reporter gene is a fragment of DNA 
^jch encodes for an easily detecuble protein. 
This protein is the reporter. In experiments, the 
reporter gene is linked to other fragmenU of 



DNA which are thought to contain genetic 
omitiol elements, and the assemblage is iatro- 
duced mto living cells. Production of the reporter 
m the cell is rcnilated by the action of the control 
eietnentt on the transcriptionaJ activity of the 
reporter gene. Thus, the reporter is the observ- 
able parameter allowing the experimenter to 
•tiomtor the action of the control elements. 

w practice, the transcriptional activity of a 
reporter gene can be quite low. and experiments 
are often limited by an inability to detect the 
reporter. Therefore, for a reponer to be widely 
useful, it must be detectable in very low 
concentrations. In addition, the reporter must be 
detectible by a method chat can distinguish it 
from other proteins native to the host ceil. Firefly 
luciferase meets these criteria ideally. It can be 
detected in very small amovnu through iu 
biohimninescent activity, and siirn biohiminesc- 
ence ti not a common event in living systems, its 
activity will be unique in the experimental host. 
That iSt there is no endogenous luminescent 
activity of the host to interfere with the detection 
of even miniscule amounts of luciferase. The 
bacterial enzyme, chl<mmphenicol acetyhrans- 
fcrase (CAT), has been used conventionally as a 
reporter in eukaryotic systems for similar reasons. 
Its enzymatic activity b not found in eukaryotic 
cells, so CAT can ateo be detected without 
confusion from host actitivities. lu assay is based 
QD conversion of the antibiottc chloramphenicol 
to mono- and di-aoetylated forms. Hieh sensitiv- 
ity is provided by the use of 'X-labelled 
chloran^henicol as the substrate. This m^hod 
requires that the ]mxiucts of the reaction be 
separated horn the substrate before quantifica- 
tion, usually by tlitn layer chromatography or 
HPLC. 

Because CAT is widely used as a genetic 
reponer, it was used as a benchmark to evaluate 
the suiubility of firefly ludfcrase in this appKca- 
tion (de Wet ei a/.. 1967). It was found that the 
levels of expression of CAT and hidfierasc in 
eukaryotk systems were comparable. It bad been 
previously shown that the productioo of CAT in 
eukaryotic cells is proportional to mRNA trans- 
cription from the reporter gene. Since luciferase 
production paralleled CAT production under a 
variety of experimental conditions, luciferase 
must also be a proportional indicator of transcrip- 
tional activity. However, because of the efTtdent 
detection methods achievabte with bioluminesc- 
ence» the assay of ludferase is 100 to tUOO times 
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more sensitive. Thus, much lower levels of 
genetic activity are detectable. Furlhcrtnore, the 
time required to assay luciferase is much less Chan 
CAT. Using a lutninometcr or Kcintillation 
counter, (he ludferase assay requires about a 
minute per sample. The CAT assay usually 
requires several hours. The assay of IttdferHse 
also does not require the special precautions 
needed for ndioMciivc ^'C. 

One of the unique advantages of firefly 
lucifcrase as a reporter of gcoetic activity is ft$ 
potential to measure this activity from within 
living cells. This is not possible with use of CAT 
since the products of the reaction require 
separation from the assay mixture in order to be 
quantified. The photons produced in the 
tuciferase reaction, however, are generally able to 
pass from within the host cell to allow cirtcmal 
detection. A precondition of this is that the 
tuctfcrin substrate be able to pass into the cell to 
combine with the luciferase reporter. The other 
substrates of the reaction, ATP and O2, are 
readily available in the interior of the cell. The 
mere addition of luciferin to the external media is 
suffidcnt to allow its passage aaoss the ueOutar 
membrane. But the light output elicited by this 
method is less than expected given the extent of 
ludferase contained within the cells. Light output 
can be increased with the use of permiabltzing 
agents such as DMSO or nigericin (Could ami 
Subramani, I98fta). but still nox to the full 
potential expected. It is not known whether 
permeability of the outer inemhrune Is the only 
limitation, or whether there are other inhibitors 
of activity. One possibility is that the peroxisomal 
membrane acts as a second harrier ro luciferin 
pas.uge. Since lucifcrase is localized into peroxi- 
Komes, most of the luminescent uctivily may arise 
from these organelles. Experiments are currently 
under way lo remove the peroxisomal targeting 
signal from luciferase so that it will remain in the 
cytoplasm. This may improve its ability to elicit 
luminescence from within intact cells. However, 
other possibilities exist, such as unfavourable 
microcnvironmenlal effects, which could inhibit 
the activity of luciferase in a foreign host. 

Since the finct published reporu of iin use as a 
genetic reporter, this new apptication of firefly 
luciferase has received much interest. By the time 
this article was written, we had received tppfox- 
imately \(XH} requests for the cDNA encoding 
ludferase from other laboratories wishing to 
apply it to their experimental systems. The 



feedback from these other laboratories has been 
quhe positive. In most cms, researchers are 
finding thai the use of luciferase instead of CAT is 
saving much time in the execution of their 
experiments. The time saved is not only in the 
much shorter assay time of lucifera^:, but also in 
the time required for sufTtctem expression of the 
reporter. Previously, production of the reporter 
often was not detectable for 24 to 48 hours after 
the reporter getic was tnuodoced into cells. 
Because of the much higher sensitivity of the 
luciferase assay, expression of the reporter gene 
can typically be meawred after only a few hours. 
In some cases, where expression of the reporter 
was previously too low for detection under any 
conditions, the use of luciferase has allowed 
measurements to be made. To date, luciferase has 
been expressed from its cDNA in almost every 
living ktn^iom. ft hu been expressed in bacteria 
(de Wet ttaL, 1985), yeast (Wood and DcLuca. 
1987}, dictyosteiium (Howard ei a/., 1988), 
mammalian cells (de Wet et al., 1987, Gould and 
Subramani, 1988a). and plant cclb (Ow et at., 
1986), as well as in transgenic mice (DiLella e/ 0/. , 
1988; Crenshaw and Rosenfeld, 1988) and plants 
(Owe/ flf., 1986). 



COMPARISON OF flREav AND CLICK 
BEETLE LUaFERASeS 

Biolumincacent beetles arc found in two super* 
families. Elateroidea and Cintharnidea (Lloyd, 
1978). Fireflies are members of the family 
Lampyridac in the supcrfamiiy Canthuroklca; as 
indicated above, they have been the primary 
source of a beetle luciferase because of their 
abundance and accessibility. In the superfamily 
Elateroidea, only the family Elateridac contains 
biolumincsccnc memben, which are more com* 
monly known as cHck beetles. This family of 
beetks is one of the most widely distributed, with 
species found m must areas of the world* 
However, unlike Lampyridae. where nearly all of 
the ouunbers are btolumineaccnt, only a small 
percenuge of Elateridae are so. Most of these are 
located in the Caribbom and in South America. 
Their taxomony suggests that the dick beetles are 
the most cvolutlonanly distant of the biolujnines- 
cent beetles from the fireflies (Crowson. 1981). 
The time of divergence of the Elateroidea and 
Caniharoidea superfamilies cannot be estimated 
directly owing ti> a lack of fossils. But by 
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comparison of the morphological differences 
between ihesc groups of beetles, corroborated 
with The fo.^1 record of other Keetlc!(, it has been 
estimated that these superfamiiics diverged about 
I2<l million ycurs ago. 

Morphohigicany the clkk beetles and fireflies 
are quite distinct (Fig. 2). The click bccUcs have u 
hard exoskeleton, und are often larger than the 
fireflies. They can be recogni7ed by a characteris- 
tic behaviour they display when being constrained 
or placed on their backs. They make an audible 
'dick* sound by forcibly arching their head 
forward. Bioluminescent click beetles have two 
sets of light organs. One pair is located oo the 
dorsal surface of the head. These light 
organs emit long pulses of light when the beetles 
are not in Highi. The second sec is a single organ 
located in a cleft on the ventral surface of the 
beetle between the mcsothorax und abdomen. 
Th'ts light org^in also emits long pulses of light but 
only when the beetle is in flight. On the ground 
the cleft is closed and the light is extinguished, 
f^or most species of bioluminescent click beetle, 
the ventral organ emits light at a longer 
wavelength ihan the dorsal organ. The position 
and activity of (he light organs in fireflies ts quite 
different. These 1)eelies have one set of light 
organs located on the ventral surface of the 
ubdi>men. on the posterior sternites. They gcner- 



aHy emit short burst of Kght in a pattern which is 
indicative of the particular species. 

One species of click beetle has been of 
particular intere^ since it» biolumincscence was 
fxm fitiidkd in 1963. This species, Pyrophorus 
pkgiophrhalamusn is an especially large click- 
beetle bdog typically 3cm in length. U was of 
interest because its biolumincscence presents an 
unusually large range of colorus (Seliger et ai., 
1964). KunhCfTiiore, the colours vary between 
individuaJs« a prq>erty not found in fireflies. The 
light of the dorsal organ is greenhch in colour, but 
varies between individualx from green (548 nm) to 
yeUow-grcen (565 nm). The ventral organ varies 
over a much wider range, from green (547 nm) to 
orange (594 nm) (Btggley et ai., 1967). The 
luciferases of these beetles were ext raced co 
determine the source of these different colours. 
In extracts, the biolumineacence spectra were not 
different from those of the living beetles. Analysis 
showed that the different uilourx were not due to 
alteratiofu of the substrates of the reaction, which 
arc the same as utilised by the firefly lucilcrase. It 
was concluded that the differetKCS were due to 
vuriiaion in the interaction of the substrates with 
the luciferases (Seliger and McElroy. 1964). 
Unfortunately , attempts to study these luciferases 
further were limited by the difficulty of collecting 
sufRcieni quantities of the beetles. 
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CLONINQ AND EXPRESSION OF C0NA8 
ENCODING CUCK BEETLE LUOFOASES 

Expression of firefly ludferasc in Escherichia eoii 
demonstrated that we could produce this enzyme 
from a source which was easily giowa in the 
laboratory. Thus, in this case, the information 
contained in the cDNA encoding fircfiy lucifcrase 
was in itself suificieni to generate an active 
enzyme in a foreign host. Applicatioo of diis 
technology to the click beetle ludferases could 
circumvent the problems of collecting large 
quantities of the beetles. The methods used in 
cloning a cDNA which encodes lucifcrase require 
only a small supply of the beetles, and they are 
needed only once. Afterwards, bacterial howts 
generate the DNA and enzyme needed for 
further study. Production of the dick beetle 
ludferases from cDNA clones has the additional 
advantage chat genetic variants of the enzyme, 
such as those which produce the different colours 
of bioluminescence, arc generated in isolatioo of 
one another. Enzymes isolated from the click 
beetles directly would require methods for 
separation of the different variants. This would be 
difficult since, as was subsequently found, the 
physical differences between these varianu are 
few. Furthermore, the amino add sequences of 
the luctferascs can be determined from the DNA 
sequences of their cDNA dones. DNA sequenc- 
ing is an effident technique making it practicable 
to determine the amino acid sequence differences 
between several proteins of over 500 amino adds 
each. 

Spedmens of Pyrophorus piagiophthaiamus, 
collected from the northeast end of Jamaica, were 
transported live to the laboratory and frozen in 
liquid Na. Messenger RNA was isolated from 
ventral light organs of approximately 60 heedcs, 
one microgram of which was converted to cDNA 
(de Wet et at., 1986). This was packa^ in a 
spedalized lambda cloning vector, Lambda ZAP, 
to yield 700,000 recombinant plaques (Fig. 3) 
(Short era/., 19Rg). We had originally intended to 
screen the library by DNA hybridization using the 
cDNA sequence of firefly ludferase. However, 
attempts at visualizing the click beetle ludferase 
gene in Southern blots, using the firefly ludferase 
cDNA as the probe, failed to demonstrate 
cross-hyhridization even uiKler conditions of low 
stringency. Jt had been previously shown that 
antibodies raised against firefly ludferase can 
cross-react with the dick beetle ludferases 
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(Wienhaasen and DeLuca, 19«5). Thus wc used 
Mich anttlKKliet. raised in rabbits, to screen the 
cDNA library. Because the cross-reaaivity widi 
chck beetle ludferases is weak, we used anti- 
bodies that had been affinity purified by sclectioo 
on a Sepharose column containing immobilized 
^refly ludferasc (a gift from Dr Gilbert Keller; 
Keller era/., 1987). 

The original screening was done on unampH- 
fied aJiquou of the lambda cDNA library. 
Deternuned by the cotorimeinc detection of 
alkaline phosphatase conjugated to anti-rabbit 
antibodies, 5,5% of the recombinant lambda 
phage expressed iudfemse antigens. Eighteen 
dones were chosen for further analysts. A unique 
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feature of the Liimbdo ZAP cloning vector is that 
it can be transformed into a bacterial expresdon 
platmid (Bluescript) by an in vivo proceu 
involving the addition of an MI3 helper phage 
(Short €t ai., 1988). The recombinant lambda 
containing the four longest cDNA clones were 
transformed into their plasmid form, and found to 
be able to express bioluminescence in E, coii. It 
could be visually observed from the expression of 
the four clones in £. coli that two produced 
orange light, one produced yellow light, and one 
produced yellow-green light. 

In order to ascertain whether other coloun of 
bioluminescence could also be found in the 
library, it was rcscrccned for other full-length 
cDNA cloncft. The re.wecntng was done by a 
different method designed to identify luminescent 
activity directly. Five aliquots of the origjinal 
library were amplified, then transformed tn bloc 
into expression plasmids. As in the case of 
eukaryotic cell expressing the firefly luctferase 
(see above), biolumtnesceoce can be initiated in 
£. coU expressing luciferasc by the addition of 
luciferin to the media (Wood and DeLuca. 1987). 
In bacteria, Ihe diffusion of ludferin through the 
membranes can be facilitated by reducing the pH 
of the media to 5. Presumably this masks negative 
charges on the molecule, making it more hyd- 
rophobic and permeable to a lipid bilayer. By 
adding luciferin to bacterial colonies containing 
clones of the cDNA library, colonics able to 
express a functional luciferasc were identified 
directly by their ability to darken X-ray film. 
Several biolumincsccnt colonies were isolated 
from each aKquot of the library, seven of which 
were identified as arising from indcpcodeat 
cONA clones. From two of the aliquots, two 
colonies could be judged as resulting from 
independent clones based on widely different 
intensities. The iodependeoce of these clones was 
later confirmed by restriction mapping. From 
these clones, five emit yellow light, one emits 
orange light, and one emits a new colour, green. 

^Vestera blot analysis was performed to con- 
firm that full-length dick beetle luciferases were 
being expressed in the F. coU. Deitpite the fact 
that some of these clones were dearly visualized 
by anti-firefly luciferasc antibody during the 
library screening, we were unable to detect the 
gene products in blots made directly with £. coU 
tyiatea. This is the result of both a low level of 
gene expression, and a weak cross-reactivity with 
the antibody. The expression of luminescence was 



iDcreased by transferring the cDNA clones to a 
plasmid vector which incorporated a iac promoter 
(Fig. 3). A lysaie from £. coli expressing the 
green-emitting ludferase from the tac vector 
further required partial purificadon to be detect- 
able ift a Mot. The blot revealed a single band, 
cross-reactive with firefly luciferasc, which comi* 
grates with the native click beetle luciferase (Fig. 
4). DNA sequence arwtysb was later performed 
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for one clone of each colour. This confirmed that 
each cONA cnrttained an open reading frame 
which could code for a protein whose N-tcrminus 
corresponded to ihc N-torminus of firefly 
lucifcrase. Thus, as has been achieved previously 
with the firefly lucifcraate, the click beetle 
I ucif erases can be produced in £. coii as 
full-length and en/ymatically active enzymes. 



BtOLUMNESCENCE SPECTRA OF CLICK 
BEETLE LUCIFERASES 

Spectrographic analysis was performed on the 
hiolumincsccnce emitted from £. coU expres-^ing 
the various cfJNA ctones. Biolumincscxnce was 
induced from whcitc oelis by the same method 
used previously in the screening of bacterial 
colonics for luminescence. Celb producing 
lucifcrase from the tac vector yielded sufficient 
light intensity, upon addition of lucifcrin to the 
media, to allow spectral measurement*. These 
measurements verified the visual observation that 
the eleven clones can be sorted into four groups 
based on the colour of light emitted. For each of 
the colours, the spectrum is a single peak 
qualitatively similar to the spectra of native dick 
beetle lucifcrase (Scligcr etal., 1964). When the 
spectra of the four colours are superimposed, 
they show a remarkable pattern of four similarly 
shaped peaks that are nearly evenly spaced (Fig. 
S). The wavelengths of maximum intensity arc 
546 nm for green. 560 nm for yellow-green, 
578 nm for yeltow, and 594 nm for orange. 

Spectra were also measured from lysates of the 
£. coii alter partial purtflcniion (Wood et a/., 




Rfurt I. Sp«cu« D< biohjm!nescftnm fimiiiod fitnr h. cnA 
calls cont«tf^il>g ihe ztr.k t}eoUC luialBrj&res The miens^ty 
rii*xinn'jm fix eacr* *;i>*cif jm has hotjn nor?twS2«d 



1988a) (Fig. 6). Bioluminescencc was elicited 
from the lysates by diluting them 100-fold inUi a 
reaction mixture ranging in pH from 6 to 10. For 
pHs 6.0, 7.0, and the reaction mixture was 
buffered with 50mmol/l MES/50mmoJ/l MOPS/ 
50mmol/l Trkine, For pHs 8.0, 9,0, and 10.0 it 
was buffered with 50mmol/l Tricinc/50 mmol/l 
CHE5. Also in the reaction mixture were 
5 mmol/l MgSO^/ 1 mmol/1 EOTAA). I mnral/l 
ludfcrin/l .5 mmol/l ATP/1 mmol/l NaF/0.2mg/m1 
BSA/1D% glycerol. (NaP was found to simplify 
the kinetics of Ihe decay of luminescence, which 
simplified the analysis of the spectral data. It does 
not affect the spectral distribution. It is not 
known whether it affects the activity of the click 
beetle lucifcrase directly, or whether it Is due in 
an interaction with other components of the 
lysate. It has no effect on the purified firefly 
lucifcrase.) For the dick beetle luciferases from 
each of the four colours, Ihe spectra mea.surcd 
from whole cells matched that of the lysutes at pH 
6.0 and pH 7.0. Also, for each of the luciferuses. 
the spectra shifted towards longer wavelengths at 
pH above 9.0. This shift was largest for the 
green-emitting ludfcrasc, less for the yellow- 
emitting lucifcra.He. and the least for the yellow- 
green und orange-emitting lucifcrase. At pH 8.0* 
thi» shift is virtually undetectable for the yellow- 
green and orange-emitting luciferases. For the 
green and yellow-emitting luciferases, the shift at 
pH H.O can be detected as a slight widening of the 
spectril peak, but the position of the maxima is 
unchanged. 

This pH response of the click beetle luciferases 
is in contrast with that of the firefly lucifcrase. As 
slated above, the .spearum of firefly lucifcrase 
shifts 10 longer wavelengths at low p 11 (Fig. 7). In 
the pH range of H.O to lO.U, the enzyme emits its 
characteristic yellow-green light. The spectrum 
shifts towards longer wavelengths at pH 7.0, and 
at pH 6.0 is generated almmt cnmpletely from a 
red-light emitting foim of the enzyme. *I*his shift 
is much larger than us seen with (he click beetle 
ludfcrases. At pH 7.0, where the spectrum of 
firefly lucifcrase is a mixture of yellow-green and 
red-emitting fornis uf the en/ymc, a difference is 
apparent between the enzyme purified fnm 
fireOics and iliat produced in £, colt (Fig. 7). 
With the lucifcrusc from i£, coii, the red 
component of the spectrum is much less than for 
the purified native enzyme. In addition, as the 
light oulpui of the rcjit-iitin decays, the Iwo 
components of the spectrum d<> not decay til the 
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H0w« Spectra rPMsuntd from ponuiV purifitd lysatvi of 
£ ceil •nprnMinq ih* dick bMtte luctftrtm. The imensity 
maumum for eech spectrum his been normalt^ed The 
colour eminod by each Kiciferase at neutrei pH t$ ir>d(Cited in 
(he corner of ench pbl Spectra ithovyn for pH 8 0 Hnd 0 0 
were measurad ir» ME&WOPSn'riane butter. Spectra sftown 
«or pH 9.0 and 1 0 0 were mmanuntd tn Triano/CHES but r«r. Ac 
pH 8.0. the jpecffum measured tn MESrMOPS/Tricirto was 
idenical to that measured in Trtr?ne/CHES 



same rate. The decay rale of these two compo- 
nents is the same nCe in the specirum of the 
native ludferese. The .spectra of the ludferase 
produced in £. eoii are of samples that are «nJy 
partially purified by the method stated ahove. (t 
can be shown thai the dtffereiKxs between this 
and ihc native luctferasc arc not due to inuinsic 
differences in the enzymes themselves, but 
instead arise from the effects of the other 
components in Ihe bacterial lynte. If the native 
Judferase is mixed with a lysate prepared from £. 
cod which does not onncain a luciferase cDNA 
done, the spectrum of the mixnire is ihe same as 
that of lysate* containing the kiciferase produced 
in E. coU, 

These observations reveal two aspects of the 
effecu of an £, coU lysate on the spectrum of 
firefly ladferase. One is that the lysate contains a 
component that causes ludferasc to resist the 
effects of pH on its spectrum. The other feature is 




n aufe 7. Spectra nteaiured rnom purified native fireftv 
luoferBse (t<ipar pM and horn paftialiy purified Vsaies of f. 
oof ea^iesama the firefMucifafeM flower pkx) T)«tnlensftv 
msKirnuro for each spectrum Ium been normaliicd. Specvd 
shown for pH 6.0 and f .O wQte measured in MES/MOPS/ 
Tricine buffev. Spectra shown lor pH 8.0 and 100 wete 
measured tn 1nctne;<X6S ttuffer. Ai pH 6 0;, ihe .s)ectru.m 
m«aasufed iti MCSIUOP^hcine Had a sJighttv qtmiiw 
oontritMtion from the md component than thai measured n 
Tric«ieX:HES 
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that Firefly ludfcrase, in the presence of the two lucifcrases (Fig. 8}, The difference in the 
iytate, is io at least two different forms disting- number of amino acids between the sequences is 
uished both by the colour of tight emitted, and by mostly accuunced for by mx gaps in the sequence 
different decay rates of the light output. These alignment. These gaps are small, being one or two 
two features may indicate a single phenomena, amino add in length and. for some, their exact 
That is, a factor in the lysatcs may be stabilizing position is somewhat arbitrary, 
some of the iuciferase molecules both to dcstabi- Throughout the alignment there are no regions 
lizing effects of low pH, and to the temporal loss of espedally high sequence hilarity. Thus there 
of enzymatic activity. The presence of the is no indication of which re^ons may have been 
bacterial lysate does not appear to affect the conserved owing to catalytic or structural oon- 
spectral distribution of each of the components of strainUi on the enzymes. An exception to this b in 
Che firefly luciferase spectrum, just their relative ikt last three amino acids which, for the firefly 
ccncribution lo the total spectrum. While Ihb ludferase, have been shown to be necessary for 
effect is most evident when the spectrum is translocation into peroxisomes (Gould and Sub- 
measured at pH 7.0, it is also evident at pHs 6.0 ramani, 19^b, ]98kc). Given the close functional 
and 8.0. In these cases, however, the differences similarity of these enzymes, it is almost certain 
are slight since the spearum consisu almost that the dick beetle Iticiferases are also located in 
entirely of a single component. Extrapolation of peroxisomes. The hydropathy plots of firefly and 
these results to the spectra of the dick beetle click beetle luciferase shown seme similarities, 
iuciferases inddate that their spectral diitribu- but overall appear to be quite different (Fig. 9) 
tions in the pH range of 6 to 8 are probably not (Kyte and Doolittle, 1982). The ntost apparent 
affected by the lysate. This is true since the similarity is the three large hydrophobic regions 
spectrum of these ludferascs ii apparently a found in both ludferases. Other regions of 
single component in thb pH range. But the pH hydropliobidty and hydmphilidty can be found in 
required to shift the spectra to longer wavelength common between the Iuciferases, but they are 
is potentially different than what wouki be largely obscured in as many differences, 
expected for purified enzymes. However, the In contrast to the low degree of similarity 
spectra of the green-emitting dick beetle between the firefly and dick beetle ludferascs, 
ludferase at pH 9.0 or 10.0, which also consists of the simiiarity between the various click beetle 
two components, did not reveal the oonuniform tudferoses is very high. Between the ludferases 
decay rate evident with the firefly ludferase at pH whkh are capable of emitting different colours, 
7.0. the amino add sequences are from 95% to 999& 

identkal (Wood er 1988b). Since the only 
difference between these luciferaw are the 

SEQUENCE COMPAfUSON Of CLICK BEETLE amino add sequences, the determinanu of colour 

ANORREFLYLUaFERASES must be found in the relatively few differences 

between the sequences. We have begun to 

Our inability to demonstrate crosa-hybridizathni examine exactly which of the amino acids can 

of their corresponding nucleic add in Southern affect the colour of light, and have found that not 

bk>ts suggested that a significant degree of evolu- all of the differences between the clones are 

tionary divergence had occurred between the effective. In some cases, the amino add determi- 

flrefly and dick beetle ludferaaet . Seqmnee nants of colour may be as few as two or three, 

analysta of the cUck beetle cDNA ckmcs has This work will be presented elsewhere, 
confirmed this. F6r a direct comparison with the 
flrefly ludferase, the ydiow-green-emitting click 

beetle ludferase was used siitoe its spectral U8E0FCLICK BEETLE LUDFERASES AS 

maximum is at nearly the same wavelength. The GENETIC REPORTERS 
cDNA eooodiiig this ludferase contains an open 

reading frame corresponding to 543 amioo adds. It appeais that the dick beetle ludferases will 

This n seven amino acids less than that found with have all the advantages of the firefly ludferase in 

the firefly ludferase cDNA. Alignment of the their application as reporten of genetic activity, 

amino add sequences, deduced from the cDNA Advantages such as the sensitivity with which 

sequences, revcab a 47% identity between the diey can be detected, or the abiKty to detect them 
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in living ceits^ are evident. Other features of the 
hiciferases, such as their specific activity, or the 
linearity of their assay with respect to enzyme 
concentration, have yet to be established. We are 
ai present improving the cxpreicuon of these 
luciferases in £. coii to provide a source of 
enzyme for better characterization. Il may be 
expected with the large difference in lequencc 
between the click beetle and Tirefly lucifcrases, 
that these lucifcrases also have significant differ- 
ences in their chemical properties as well. This is 
supported by the dramatic difference io the 
response of their spectra to changes in pH. By 
qualitative observation, temperatures above 40^ 
or the presence of Za^* do not cause changes in 
(he spectra of the click beetle luciferasea. As 
noted above, these conditions will cause Che 
firefly ludferase to emit red light* fn fact, the 
icmperataure optimum for the dick beetle 
luciferases may be higher than for the firefly 
luciferase. Other initial experiments suggest that 
the click beetle luciferascs may be more resistant 
to denaturation by charged detergents, or activa- 
tion by neutral detergents (Krtcka and DeLuca, 
19g2). Collectively, these observations suggest 
that the activity of the dick beetle tudferases may 
be less sensitive to environmental oonditioas. 
However, these condusions are tentative since 
they were made from ludfcrascs in the presence 
of other components of the £. coli lysate. 

A novel feature of the click beetle clones ii the 
ability to distinguish between them by the colour 
of light emitted. This may mijkc them particularly 
uicfuJ as genetic rep<)rter% where muteipte repor- 
ters arc desirable. Because their respective 
sequences differ by only a few amino acids, 
characteristics of their expression an exogenous 
hosts .should also differ little. The differences in 
the colour of light would normally have no effect 
on the hosu, but regardless, expression of a 
luciferase reporter gene is generally done in the 
absence of the hsdferin substrate. Thus there is 
no himinescent activity until the actual time of the 
luciferase assay. The spectral dbtribution of the 
ludferases are rather broad which would limit the 
ability to distinguish each ludferase in a mixture if 
their respective amounts vary widdy. The 
greatest distinction can be made between the 
green and onmge-emitting clones, which should 
be distinguishable in a lumtnnmeter with the use 
of optical cvt-off filters. From calculations based 
on the overlap of their spectra itonc, sad 
assuming a coerfident of variation of 4% in the 



assay of luminescence, this method should albw 
the detection of one of the ludferases in the 
presence of a 25-fold excess of the other. Since 
the colours of these luciferases arc not easily 
altered by pH or temperature, it should be 
possible to distinguish these luciferases in viVo as 
well as iff viiro. This type of dual reporter gene 
system would allow one to monitor different 
promoters within a single host, or to follow 
different populations of cells simultaneously, 
each labelled with a different ludferase. The 
itnictural similarity of the luciferascs increases 
confidence that Uifferenti^il effects noted in an 
experiment are properties of the system being 
observed, and are not artefacts due to individual 
peculiarities of the reporter genes themselves. 



SUMMARY 

Ftrefly luciferase has been used as a tool of 
scientific invcsiligatitm for over two decades 
because of the high sensitivity with which its 
enzymatic activity can be assayed. W^iih the 
advent of techniques in nucleic tKid manipula- 
lioos, it has found its newest area of application as 
a reporter of genetic activity within living cells. In 
addition to high sensitivity, its assay b rapid and 
docs not require complex procedures or precau- 
tions. In comparbon to the CAT assay, firefly 
ludferase has been shown to be well suited as a 
genetic reporter. But. whereas previously firefly 
ludferase was the epitome of beetle luciferascs 
because of its availability, cloning techniques 
have made feasible the study of other ludferases 
of this type. Some of these luciferascs may have 
additional features enhancing their use as repor- 
ters, or in other applications. Our recent doning 
of several ludferases from a biolumincsccnl dick 
beetle substantiates this possibility. These 
hidferases are unique in the ability to produce 
biolumincscence of several different colours. In 
addition, the sequence of these luciferascs is 
considerably different from that of the firefly 
ladferase. suggesting that other chemical prop- 
erties of these enzymes will be different. One area 
^•^ere such dtfTercnces are apparent is in the 
re^ionse of the biolumincscence spectra to 
changes in pH. We are currently investigaiinu 
other properties of these new luciferases to better 
understand their general nature and to determine 
their suttability in applicaUons. 
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Luc Genes: Introduction <jf Colour into 
Bioluminescence Assays - 



Keith V. Wood 

Department of Chemistry. M-001, University of Califorriia. San Diego, U Jolla, CA 92093, USA 



Luminescence assays are generally based on measurements of light intensity alone. 
Inclusion of colour as an additional parameter of the assay could increase the informa- 
tion content. Colour variation in luminescence is particularly prevalent among beetle 
lucif erases. To study the relationship between enzyme structure and colour, luciferases 
from a Jamaican click beetle were examined as a model system. These luciferases emit 
light ranging from green to orange, though their amino acid sequences differ by less 
than 5%. Through mutation of their respective cDIM A clones, the amino acids responsi- 
ble for the colour variation were Identified. These specific amino acids are few, and 
they act upon colour independently with respect to the enzyme structure. Analysis of 
their effects indicates that the potential for coloui" variation among beetle luciferases 
is greater than is evident among the click beetle luciferase. Because of the subtle 
changes of enzyme structure that effect colour, luciferases that emit different colours 
may be useful as paired genetic reporters. They should interact equivalently with the 
intracellular environment of a host, but could be distinguished by colour in their assay. 
Such paired reporters could be used to observed simultaneous events, or to provide 
internal control for luminescence measurements. 

Keywords: Firefly luciferase; click beetle luciferases; reporter genes; colour variation 



INTRODUCTION 

The production of light by enzymatic catalysis 
offers unique opportunities for probing biochemi- 
cal processes. This is because of the high energy 
density of photons and their unusual presence in a 
biochemical milieu. In applications of biolumines- 
cence, the chemistries of luminous bacteria and 
beetles have been dominant. Although the mechan- 
isms of these two systems are entirely different, they 
both are amenable to manipulations: the enzymes 
are reasonably stable and easily purified, the luci- 
ferins are available by chemical synthesis, and the 
9ther substrates are readily obtainable in pure 
form. 

Luminescence as a biochemical guage is based 

0884-3996/90/020l07-O8$O5.00 
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on correlating light with a limiting component of 
the enzymatic reaction— changes in concentration 
of the limiting component cause proportionate 
variation in light emission. Initial applications of 
luminescence used cofactors as the limiting compo- 
nents. For example, firefly luciferase has been 
widely used to measure ATP. Similarly, bacterial 
luciferase coupled to an oxidoreductase has been 
used to measure NADH. With coupling to other 
enzymes, these luciferases have also been used to 
measure other biochemical molecules (McElroy 
and DeLuca, 1983). 

Recently, a new class of luminescence applica- 
tions has arisen where the enzyme is the limiting 
component. In these applications, light emission is 
linked to events associated with gene regulation 
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and protein metabolism. This was made possible 
with the cloning of genes that code the luciferases 
(Cohn et al^ 1983; de Wet et al, 1985). These genes 
can be introduced into living cells, or reconstituted 
enzyme system, so that the synthesis of ludferase is 
contingent upon the kinetics of gene expression. 
With excess substrates, luminescence is proportion- 
al to the concentration of newly synthesized en- 
zyme. 

Because of the prevalence of research in molecu- 
lar genetics, applications of bioiuminesccnce are 
most auspicious in this area. In eukaryotic systems 
especially, the use of firefly luciferase has been 
notable. This monomeric enzyme, evolved in a 
eukaryotic host, requires no post-translational 
modifications for its catalytic activity. Under opti- 
mal conditions, it catalyses production of yellow- 
green light with exceptional efficiency (McEiroy 
and DeLuca, 1985: Seliger and McElroy, 1960). 

The general suitability of this luciferase as a 
genetic reporter has made it useful in a variety of 
experimental designs. Most commonly it has been 
used in examining the DNA structure of genetic 
regulatory elements (Economou et al, 1989; Hud- 
son et al, 1989; van Zonneveld et al, 1988). Some 
studies have used this luciferase to investigate other 
proteins that influence gene transcription (Mellon 
et ai, 1989; Waterman et al, 1988). Also studied 
have been effects of mRNA structure on protein 
synthesis (Malone et a/., 1989; Baughman and 
Howell, 1988), and relative rates of intracellular 
protein recycling (Nguyen et al, 1989). The firefly 
luciferase has in some instances been used to delin- 
eate genetic events in multicellular organisms 
(Rodriguez et ai, 1989; Ow et ai, 1986). 

Common to these luminescence applications is 
that measurements are made of light intensity 
alone. However, this is only one mode by which 
light can carry information. Another prominent 
property of light is its spectral distribution, i.e. the 
colour of light. If this property could be used in 
addition to intensity, it could add another dimen- 
sion to the information transmitted by the lucifer- 
ases. Each luciferase elicits a characteristic spectral 
distribution. Even within the distinct groups of 
beede or bacterial luciferases there is variation of 
colour. Since the substrates within these groups do 
not differ, the colour variation must be due ig 
differences in enzyme structures, i 

Colour variation is especially prominent among 
the bettle luciferases. A spectacular example of this 
variation occurs in a tropical click beetle from 
Jamaica, Pyropkorus plagiophthalamus. The beetle 



has two sets of light organs, a pair on the dorsal 
surface of the prothorax, and a single organ in a 
ventral cleft of the abdomen. Generally the dorsal 
pair emits green light, and the ventral organ emits 
yellow light Hence, this is an unusual example of 
an organism that emits two different colours of 
light. Even more unusual is that variation in colour 
occurs between individuals of the population. The 
dorsal organ varies in colour from green to yellow- 
green, and the ventral organ varies from green to 
orange (Biggley et al.., 1967). 

Because of the wide range of colours found in this 
single species, it was chosen as a model of colour 
variation among beetle luciferases. Research was 
begun to investigate the relationship between en- 
zyme structure and the colour of luminescence. 
Results of the ongoing project have revealed some 
general aspect of this relationship. Substantial 
changes in colour can result from substitutions of 
single amino adds in the primary structures of the 
enzymes. These substitutions can occur at several 
different positions, and the effect of different substi- 
tutions act independently. A quantitative analysis 
of several substitutions has indicated that the 
potential for colour variation in beetle luciferases is 
much greater than the range of colours found in 
this particular beetle species. These results foretell 
the feasibility of using colour as an additional 
parameter in luminescence assays. 



COLOUR VARIATION IN R PLAGiOPH- 
THALAMUS 

To study the luciferases of the Jamaican click 
beetle, the cloning techniques previously employed 
to cione the firefly luciferase were used (de Wet et 
aU 1985). The luciferases of the ventral light organ 
were chosen for initial study because of their wider 
range of colour variation. Screening a cDNA 
library made from this organ, both for antigenic 
epitopes and for luminescence activity, resulted in 
11 clones with complete coding regions. When 
expressed in E. colU these clones can produce 
sufficient bioluminescence to be easily visible. 

The clones are of four types determined by the 
colour of light elicited; green, yellow-green, yellow, 
and orange (Fig. 1). Among the seven clones that 
produce yellow light, or the three that produce 
orange light, the spectra are indistinguishable. Only 
one green and one yellow-green light-producing. 
clone were obtained. As determined by the posi- 
tions of the peak intensities, the range of colours 
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Figure 1 . Luminescence spectra of the click beetle lucifer- 
ases; GR. green; YG, yellow-green; YE. yellow; OR. orange. 
Intensity maxima are normalized for comparison 



produced by the clones is the same as was measured 
from living beetles (Biggley et ai, 1967). However, 
there are colours displayed by living beetles that 
are not represented by the clones. Some of these 
colours may be the result of heterozygous beetles 
expressing a mixture of luciferases. Of course, the 
genes of some colours may not have been cloned 
yet 

The amino acid sequences of the click beetle 
luciferases were determined from the nucleic acid 
sequences of the clones. In paired comparisons 
these amino acid sequences are 96% to 99% identi- 
cal, differing by 26 to 3 amino adds respectively. 
The comparisons reveal the genealogy of these 
enzymes, which shows that they have evolved in the 
order of their colours. Thus, luciferases of similar 
colour are of more similar sequence. Also, the most 
recently evolved luciferasc emits orange light; the 
green-emitting luciferase is the oldest So the se- 
quences of the luciferases emitting orange and 
yellow are more similar than those of the green and 
yellow-green. 

As noted above, the variation in colour must lie 
within differences of the enzyme structures. Since 
there is no evidence of post-translational modifica- 
tion in the luciferases, the differences should be 
evident within the amino acid sequences. To deter- 
mine which (and how many) of the amino acids 
affect colour, mutants of the luciferases were made 
by modifying their cDNA clones. The mutants were 
made by two methods. Many were made simply by 
exchanging restriction fragments between the 
clones. The resulting new luciferases were named 
rearrangement hybrids. Other mutants were made 
using synthetic oligonucleotides for site-specific 
changes. 

. Because the rearrangement hybrids were made 
by swapping segments of genetic code, they often 
contain multiple amino acid substitutions. Nota- 



tion to describe these substitutions is, for example, 
R223,L238 ^V. This depicts the substitution of 
arginine at position 223 and leucine at position 238 
for glutamine and valme respectively. The resulting 
changes in the colour are reported in wave numbers 
instead of wavelength since wavenumbers are pro- 
portional to energy, an additive quantity. In the 
example, the substitutions cause a colour shift of 
-520cm"S from 17,760 cm" ^ of the parent luci- 
ferase to 17,240 cm of the progeny. 

The results of studying several mutants show 
that colour differences among the yellow-green-, 
yellow-, and orange-emitting luciferases are due 
predominantly to three amino acid substitutions. 
The colour difference between the yellow- and 
orange-emitting luciferases is due entirely to 
$247 G. Approximately 90% of the colour differ- 
ence between the yellow-green- and yellow-emit- 
ting luciferases is due to two substitutions, R223 
E and L^jg V; the colour shift caused by L^ag 
V is ibout 1.3-fold greater than that of R223 
The remaining 10% of colour difference is due to 
one or more substitutions of L^j, D226» ^282^293^ 
V323, V389 I,E,IV,I,I. Likewise, the amino acids 
affecting colour of the green-emitting luciferase 
have not yet been precisely determined because of 
the large number of sequence differences between 
this and the other luciferases. 

From other mutants it is evident that the substi- 
tutions that affect colour do so regardless of the 
parent luciferase. For example, the 8347 G sub- 
stitution, which causes the yellow-emittiiig lucifer- 
ase to produce orange light, can be applied to the 
yellow-green-emitting luciferase. This causes an an- 
alogous shift of colour to yellow. Similarly, E223 
R, which partially effects the shift from yellow to 
yellow-green, produces an analogous shift towards 
green when applied to the orange-emitting lucifer- 
ase. Apparently, colour differences evolved in the 
click beetle luciferases by the cumuTative effects of 
individual substitutions. That is, the change from 
yellow-green to orange requires the combined 
action of R223 ^233 V, and S247 G (with 
small contributions from other substitutions). Pre- 
sumedly, this general scheme applied also to the 
green-emitting luciferase. 

INDEPENDENCE OF SUBSTITUTIONS 
AFFECTING COLOUR 

When amino acid substitutions in an enzyme act 
independently, the action of one substitution 
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should not affect the action of the other. As a 
corollary, the individual effects of the substitutions 
should be additive. In the opposite situation, ex- 
treme cooperativity, the action of one substitution 
is fully dependent on the other. Among the click 
beetle luciferases, the cumulative action of the 
substitutions that affect colour rules out extreme 
cooperativity. Superficially, however, the substitu- 
tions do not appear to act entirely independently- 
For example, the rearrangement hybrid with 
substitutions E223, V238 R,L causes the colour of 
the yellow-emitting luciferase to shift 490 cm" ^. 
However, the combined effects of E223 R and 
V238 L applied to the yellow-emitting luciferase 
is a shift of 420 cm'^ Thus, the individual affects 
appear to be 14% less than their combined affect. 
As another example, the substitutions S247->G 
applied to the yellow-emitting luciferase causes a 
shift of — 430cm"V However, when the same 
substitution is applied to the yellow-green-emitting 
luciferase, the resulting shift is - 580 cm 35% 
greater. 

Close examination of the shifts caused by each 
type of substitution has revealed a consistent rc- 
Itionship with regard to the colour of the parent 
luciferase- Specifically, substitutions have a greater 
affect on colour when applied to luciferases of 
greater wavenumber. This effect is shown quantita- 
tively in a plot of shift magnitude vs shift position 
(Fig. 2). The magnitude is simply the absolute value 
of the difference in positions of spectral maxima 
between the parent and progeny luciferases, i.e. the 
shift without regard to sign. The positions of the 
shift was taken as the average of the position of 
spectral maxima for the parent and progeny lucifer- 
ase. This was chosen instead of the position for the 
parent luciferase since, in theoretical consider- 
ations, the distinction between parent and progeny 
is arbitrary. Thus, by using the average as a mea- 
sure of position, the choice of parent or progeny is 
mute. 

It is apparent from the plot that the different 
types of substitutions define a converging set of 
trends. The substitutions (or groups of substitu- 
tions), whose resulting shift are shown as filled 
symbols in Fig. 2, respresent independent sets. The 
grouped substitutions, whose resulting shifts are 
shown as open symbols, include within themselves 
substitutions of the independent sets. Although 
these shifts do not result from independent substi- 
tutions, they are derived from independent mea- 
surements of rearrangement hybrids. Thus, they 
provide additional evidence for the trends. 




position of shift (cm-'xio-^) 



Figure 2. Relationship of shift magnitude to the position of 
the shift. Key to amino acid substitutions is shown on the left. 
Filled symbols show shifts caused by independent substitu- 
tions; open symbols show shifts resulting from combined 
sets of substitutions. Bars above and below each data point 
indicate one standard deviation of experimental error. See 
text for criteria of the axes and description of interpolated 
lines 



Using linear least-squares analysis, a set of lines 
was determined for thp shifts of each set of substitu- 
tions. Most of these lines cross the abscissa near 
15,500 cm The lines drawn in Fig. 2 are an 
interpretation of the data. These lines converge to a 
single point on the abscissa. The inference is that 
there exists a unique minimum for the position of 
the luminescence spectrum. Effects of the substitu- 
tions are not able to exceed that minimum. That is, 
there is a limit to how red the luminescence can be 
and no alterations to the luciferase structure can 
result in light that is more red. 

This seems reasonable with regard to the struc- 
ture of the light-emitting molecule. Beetle lucifer- 
ases catalyse light production by combining ATP 
and'luciferin to form luciferyl-AMP, which is then 
oxidized to oxyluciferin. The oxyluciferin is formed 
in an eletronically excited state, and a photon is 
generated upon its transition to the ground state. 
The colour of luminescence is determined by the 
energy difference between the ground and excited 
states. This difference is influenced by interactions 
of the oxyluciferin with the enzyme structure. 
Therefore, colour can be affected by substitutions 
of specific amino acids. However, without changes 
to the bonding structure of oxyluciferin, there 
should exist a minimum possible energy difference 
betwfen the ground and excited states. This mini- 
mum-would impose a minimum of the energy of the 
emitted photon, i.e. the colour of light. 

The lines in Fig. 2 were drawn to converge at 
15,400 cm" ^ This value is the position of maximal 
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intensity for the luminescence generated by oxida- 
tion of luciferyl-AMP in aqueous buffer without 
enzyme (White et ah, 1971). It is the lowest wave- 
number value measured for the luminescence of 
oxyluciferin under any conditions, with or without 
enzyme. It is known that the colour of luminescence 
elicited from non-enzymatic oxidation is dependent 
on the polarity of the solvent. Under less polar 
conditions, such as in DMSO, the spectrum of 
luminescence shifts to greater wavenumbers (White 
et ai, 1971). Water is a highly polar medium and 
may provide conditions for luminescence of mini- 
mum energy. 

Drawing the trends of spectral shifts as lines 
converging at 15,400 cm is in good agreement 
with the data, each of the data points is near its 
respective line within one standard deviation of 
experimental error. Thus, the empirical data is in 
accord with the hypothesis of an energy, minimum 
for the luminescence. Since this minimum was 
measured from a non-enzymatic reaction, it en- 
dorses the belief that this minimum is determined 
entirely by physical properties of oxyluciferin. 
Hence, where the lines converge in Fig. 2 should be 
independent of structural features particular to the 
click beetle luciferases. Moreover, colour changes 
caused by amino acid substitutions in any beetle 
luciferase should exhibit trends that converge to 
this same minimum value. 

The apparent lack of independence noted above 
between colour shifts is evident in the slopes of the 
lines in Fig. 2. If the shifts had displayed the sense of 
independence describe at the beginning of this 
section, then the slopes would have to be zero. That 
is, regardless of the colour of the parent luciferase, 
the substitutions would cause the same magnitudes 
of shift. Yet, slopes of zero would imply no mini- 
mum to the energy of luminescence. Thus, the 
interdependence between the effects of substitu- 
tions imposed by the slopes is due to physical 
limitations of the substrate. 

Within this constraint, however, the effects of the 
substitutions behave completely additively. For 
example, calculated from the lines of Fig. 2, E223 
R applied to the yellow-emitting luciferase would 
result in a shift of 204 cm" ^ Applying V238 -* L to 
the resulting hypothetical luciferase would result in 
an additional 288 cm" ^ The sum of these shifts, 
492 cm " S is only 1% less than the expected value of 
E223. V238 R>L applied to the yellow-emitting 
luciferase, 498 c"^ Similarly, a shift caused by 
S247. D266, V282l283>R35i ->G,E,IV,G IS cqual to 
the sum of its component substitutions. Because the 



trends of Fig. 2 are described by lines, additive 
relationships demonstrated for one luciferase are 
the same when applied to other luciferases. Also, it 
follows that the order in which the substitutions are 
considered is unimportant. 

Therefore, respective to the slopes of the lines, the 
effects of the substitutions act fully independently. 
In equivalent terms, the substitutions are indepen- 
dent with regard to their action on the substrate; 
the apparent interdependence of colour shifts can 
be attributed to properties of oxyluciferin. There is 
no evidence of dependent relationships mediated 
by the structures of the enzymes. That is, there are 
unlikely to be any interactions within the enzyme 
structures between the amino acids at the positions 
of the substitutions. 



POTENTIAL FOR COLOUR VARIATION 
AMONG BEETLE LUCIFERASES 

The colours of luminescence emitted by the Jamai- 
can click beetle define nearly the full range of 
colours found in all luminous beetles (Lall et al, 
1980). Yet, the trends depicted in Fig. 2 suggest a 
potential for colour variation in beetle luciferases 
that is much greater. The range spanned by the 
click beetle luciferases is 1400 cm" ^ If the lower 
end of this range were extended to its theoretical 
limit, the full range would double to 2800 cm" ^ 
Furthermore, there is no indication in Fig. 2 of an 
upper limit to the possible range. Certainly an 
upper limit exists owing to conservation of energy 
in the luminescent reaction. However, it is un- 
known what further considerations could impose a 
more strcit upper limit. 

The ability of beetle luciferases to support redder 
colours of luminescence is evident in the lumines- 
cence of the firefly luciferase (F. pyralis). Though 
this enzyme normally emits yellow-green light, 
under several conditions it emits red light of 
16,160 cm"^ (McElroy and DeLuca, 1985). Some 
of these conditions are pH below 7, temperature 
above 30**C, and the presence of heavy metals such 
as Hg^"*". Chemical modification to the enzyme can 
also result in red luminescence (Alter and DeLuca, 
1986). This red colour extends the range of enzy- 
matic luminescence by 50% over that of the click 
beetle luciferases alone. 

Nature has also provided one known example of 
red beetle luminescence in a rare species called 
Phrixothrix, This larviform beetle of South Amer- 
ica has two rows of light organs that emit yellow- 
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green light, and a pair near the head that emit red 
light. Although the spectra of this red has not been 
measured, it is of much lower wavenumber than the 
orange of the click beetle. Thus, red luminescence is 
also possible through the mechanism of natural 
evolution. Since post-translational modifications 
that affect colour are not found in either the firefly 
or click beetle luciferases, the evolution of Phrixoth- 
rix luciferase is probably also mediated by modfica- 
tions to the amino acid sequence. 

So why do virtually all species of luminous 
beetles emit Ught in the limited range of green to 
yellow? The above discussion indicates that the 
enzyme is capable of supporting a much larger 
range. The reason may be in the * motive' of beetle 
luminescence. The system has evolved to maximize 
communication between beetles, i.e. to maximize 
visibility. An essential aspect of this is the way in 
which colour interacts with the environment For 
example, green is the colour of maximum reflec- 
tivity for foliage. Also, measurements of ambient 
light at dusk in a foliated area reveal a minimum 
near yellow (Seiiger et ai, 1982b). The colours of 
beetle luminescence may be partially dictated by 
these environmental parameters, depending on the 
behavioural characteristics of the species. Evidence 
for this has been documented for firefly lumines- 
cence {Seiiger et al, 1982a,b). 

However, the needs of beetle communication do 
not necessarily equal the needs of genetic research. 
In applications to utilize luciferase iof different 
colours, a wide range would be more useful. 
Further study of colour variation in beetle lucifer- 
ases should allow development of synthetically 
modified enzymes that elicit colours not found in 
nature; This could accord access to the full colour 
potential of this luciferase system. The lesson of the 
click beetle luciferases is that such modifications 
may encompass only substitutions of indepen- 
dently acting amino acids. Moreover, this natural 
example shows that there may be many candidates 
for such substitutions. 

This follows from the relatively recent evolution- 
ary history that brought about the different colours 
of the click beetle. Evolution is unable plan in its 
course; it can only operate by selection of randomly 
provided mutations. Yet, in the 26 amino adds that 
di^tinquish the four click beetle luciferases, more 
tlfen four affect colour. Thus, by trial-and-error 
evolution, acceptable candidates for colour varia- 
tion were rapidly found. It can be inferred that little 
of the mutagenic potential of these enzymes was 
tested by this process from comparison with the 



firefly luciferase. The luciferases from these two 
beetle species differ in amino acid sequence by 51%. 
Thus, amino acid substitutions are potentially ac- 
ceptable at 275 positions. For each position, several 
different amino acids may suffice. In brief, the beetle 
luciferases appear to hold much potential for modi- 
fication and much potential for variation in colour 
of luminescence. 



APPLICATION OF COLOUR IN 
LUMINESCENCE ASSAYS 

In luminescence assays, light intensity is the signal 
that conveys information of biochemical events. 
With the use of two luciferases that emit light of 
different colours, it should be possible to provide 
two signals simultaneously. Beetle luciferases offer 
the potential of providing such a two-coloured 
system. This probably would be most useful in 
applications associated with molecular genetics. 
This is because applications utilizing two colours 
would generally depend on the enzymes as the 
limiting components of the assay. The concentra- 
tion of the enzymes must be the source of the 
signals since the distinction of colour lies in the 
enzyme structures. Assays based on a substrate as 
the limiting component, ATP for example, would 
not benefit because the enzymes of both colours 
would generate signals dependent on the same 
condition. Thus, additional information could not 
be gained with the second colour. 

The obvious use of two colours would be for 
simultaneous detection of two different events. This 
would be especially useful when the events are 
coordinated. An example could be the transcrip- 
tional activities of promoters regulated by a com- 
mon mechanism. Moreover, the promoters need 
not be of a single host, such as with regulation 
mediating symbiotic or parasitic relationships. The 
luciferases also need not be used for quantitative 
measurements, but merely as markers for two 
populations. For instance, populations of a colony- 
forming organism could be identified visually by 
their colour of luminescence. The genes coding the 
luciferases may also offer a method of detecting 
genetic recombination events, depending on the 
positions of the colour-determining nucleic acid 
substitutioi|s. 

Another general use of two colours would be for 
provisions of an internal control in luminescence 
measurements. Precision in genetic measurements 
can be important, especially in eukaryotic hosts 
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where differences of two- to three-fold are signifi- 
cant. Internal controls are often needed to compen- 
sate for uncontrollable variablesj^ A common 
example is in experiments where pNA is intro- 
duced into cells for measurements of transient gene 
expression. To compensate for variation in the 
efficiency of transfection, a second genetic reporter 
is sometimes included (Dirks et ai, 1989; Day and 
Maurer» 1989). 

After a gene is introduced into a cell, there are 
other potential variables of gene expression, such as 
rates of translation and protein stability. These 
variables that concern the behaviour of a reporter 
within a cell are more difficult to compensate for by 
using a second reporter. The problem is that differ- 
ent reporters can behave quite differently in a 
common host. For instance, comparisons of lucifer- 
ase to another commonly used reporter, chloram- 
phenicol acetyl transferase (CAT), reveal 
substantially different kinetics of expression (Max- 
well and Maxwell, 1988). As expected, the struc- 
tures of these dissimilar proteins interact differently 
with the complex metabolism of the host. 

The ideal solution would be to use reporters 
whose structures are identical, yet could be distin- 
guished in their assay. Herin could be the major 
advantage of beetle luciferases. Since only a few 
amino acid substitutions are needed to alter colour, 
the overall structures of the reporters could be 
virtually identical. Hence, there would be little to 
allow discrimination of their interactions with an 
experimental host. That is, the host could not 
differentiate one reporter from the other. Upon 
assay, however, distinction between the reporters 
would be made by their colours of luminescence. 
The similarity between the luciferases would be 
especially prominent if the distinguishing amino 
acids were internal to the protein structures. This 
may be the case since the amino acids that affect 
colour are likely to be close to the luciferin binding 
site. 

Normally, experimental controls are imple- 
mented in genetic experiments through compar- 
isons of a test population with a control 
population. Inclusion of an internal coiitrol would 
be most useful when inter-experimental variation is 
large, or replica experiments are difficult to obtain. 
For instance, replica populations could ,be difficult 
to achieve when the experimental host is not der- 
ived from a stable clonal source. In this circum- 
stance, comparisons between test and control 
populations would be difficult. However, an inter- 
nal control would allow for simultaneous compar- 



isons of a test and control within an experiment. 
The closely matched structures of beetle lucifeirases 
could provide a means for internal control is ekper- 
iments that utilize reporters. The light intensKy of 
one colour would serve as the test signal, and the 
other the control signal An example in which this 
may be useful is in measurements of transgenic 
organisms. Even though the hosts in these experi- 
ments may come from a clonal stock, acivity of 
exogenous genes inserted into their chromosomes 
can be strongly position-dependent 

An especially promising attribute of beetle luci- 
ferases as genetic reporters is the ability to detect 
their activity from within Hving cells. Two sub- 
strates of the luminescent reaction, ATP apd Oj, 
are available in the cellular interior. The third 
substrate, luciferin, can gain access to the interior 
by diffusion through the membrane. Thus, in cells 
expressing luciferase, a luminescent signal can be 
generated for external detection. Because photons 
are created at the instant of catalysis and do not 
accumulate, the signal is a * real-time ' indicator of 
the intracellular luciferase concentration. However, 
quantitative measurements in living cells can be 
obscured by several variables. For instance, the 
enzyme may not be the limiting component of the 
assay in the intracellular environment since the 
availability of the other substrates could be hmit- 
ing. Thus, changes in light intensity could reflect 
variations in any of the components. 

Other factors, such as those described previously, 
also may conceivably affect intracellular lumines- 
cence. Use of two beetle luciferases to provide 
internal control could compensate for these in- 
fluences. The test signal of one luciferase would be 
coupled to the gene of interest, and the control 
signal coupled to a reference gene. A suitable 
reference gene could be one of constitutive activity, 
a so-called 'housekeeping' gene. Measurements 
would be made not of absolute light intensity of the 
reporter signal, but by the relative intensity of the 
test signal compared with the control signal Con- 
ditions that would affect both signals, such as 
changes in concentration of accessible internal sub- 
strates, could therefore be compensated for. By this 
method of measurement, indications of genetic 
regulation could be made with direct reference to 
the baseline genetic activity of the host 

In detail and variation, there doubtless are many 
ways in which beetle luciferases of different colours 
could be useful. The general suitability of a single 
luciferase as a genetic reporter is already amply 
demonstrated. Since introduction of this applica- 
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tion, each year has borne increased numbers of 
citations of its use in the scientific literature. The 
additional potential offered by iuciferases that emit 
different colours lies in the subtlety of their struc- 
tural differences. Such a matched pair of reporters, 
with the sensitivity and versatility of the Iuciferases, 
has not been manifested by other systems. Thus, the 
potential capabilities of beetle Iuciferases may not 
only improve current methods of assay, but in 
addition may endorse new methods. The possibili- 
ties presented here are based on our recent knowl- 
edge of the bettle Iuciferases, but further research 
will be needed to test the limits of these possibilities. 
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{:ngineering a bioluminescent indicator for cyclic AMP-dependent 
j protein kinase 

' Graciela B. SALA-NEWBY* and Anthony K. CAMPBELL 

■ Department of Medical Biochenxistry, University of Wales College of Medicine, Heath Park, Cardiff CF4 4XN, U.K. 



cDNA coding for the luciferase in the firefly Photinus pyralis was amplified in vitro to generate cyclic AMP-dependent 
protein kinase phosphorylation sites. The DNA was transcribed and translated to generate light-emitting protein, A valine 
at position 217 was mutated to arginine to generate a site RRFS and the heptapeptide kemptide, the phosphorylation site 
of the porcme pyruvate kinase, was added at the N- or C-terminus of the luciferase. The proteins carrying phosphorylation 
sites were characterized for their specific activity, pi, effect of pH on the colour of the hght emitted and effect of the 
catalytic subunit of protein kinase A in the presence of ATP. Only one of the recombinant proteins (RRFS) was 
significantly different from wild-type luciferase. The RRFS mutant had a lower specific activity, lower pH optimum, 
emitted greener light at low pH and when phosphorylated it decreased its activity by up to 80%. This latter effect was 
reversed by phosphatase. This recombinant protein is a good candidate to measure for the first time cyclic AMP- 
dependent phosphorylation in live cells.. 



INTRODUCTION 

A universal feature of eukaryotic cells is the ability of 
physiological agonists, such as hormones, growth factors and 
neurotransmitters, components of the body's defence system, 
non-host antigens and other pathogens and drugs, to interact 
with the plasma membrane and trigger molecular events within 
the cell. These agents initiate a molecular sequence that starts 
with the generation of an intracellular signal, such as Ca^^, cyclic 
AMP, inositol trisphosphate or diacylglycerol, and ends with a 
physiological or pathological event in the cell (Campbell, 1983; 
Berridge & Irvine, 1989). These events include movement, 
secretion, transformation, division, defence and death. The 
liming and magnitude of the end response in each cell depends on 
the timing and location of both the intracellular signals and the 
covaient modifications they induce. A particular cell will only 
undergo an end response if the right sequence of molecular 
thresholds has occurred (Campbell, 1983, 1988, 1990). 

Measurement and imaging of intracellular Ca^"" using fluores- 
cent and bioluminescent indicators (Campbell, 1983; Cobbold & 
Rink, 1987) has established that one explanation for gross 
heterogeneity in individual cell responses is variation in the 
liming and the location of the intracellular Ca^* signal. In 
neutrophils, for example, four subpopulations have been defined, 
including one group showing no response at all (Hallett et ai,, 
1990; Davies et aL, 1991). A major problem in elucidating the 
molecular basis of heterogeneity within a cell population is the 
'ack of a method for measuring and manipulating covaient 
modification of proteins in live cells. The purpose of the work 
reported here was to engineer cyclic AMP-dependent protein 



kinase phosphorylation sites into firefly luciferase, such that a 
change in colour and/or light intensity occurred after phosphoryl- 
ation and dephosphorylation (Campbell, 1989). 

Benzothiazole luciferases occur only in luminous beetles. They 
contain approx. 550 amino acids, and require ATP, Mg^-^ and 
Oa, as well as a common luciferin, to generate light (Campbell, 
1988). Just a few amino acid changes can cause the colour to shift 
from green to green-yellow, yellow or red (Wood et aL, \9S9a,b). 
Recognition sites for protein kinase A (Cohen, 1988) have been 
added to a-interferon to allow high -specific- activity labelling for 
binding studies (Li e/aA, 1989). In a previous study the hepta- 
peptide kemptide (LRRASLG) (Zetterqvist et aL, 1976; Kemp 
et aL, 1977) was chemically coupled to extracted luciferase from 
the firefly Photinus pyralis. Photinus luciferase {Photinus- 
luciferin: oxygen 4-oxidoreductase ; EC LI 3. 12.7) emits yellow 
light with a peak intensity at 565 nm. The coupled kemptide 
shifted the colour of the light emitted to the red and phosphoryl- 
ation shifted it even further (Jenkins et aL, 1990). Here PCR 
was used followed by transcription-translation in vitro (Sala- 
Newby et aL, \990a,b) to change an amino acid sequence VRFS 
(217-220) (de Wet et aL, 1987) to RRFS, or to add kemptide to 
the A^- or C-terminus of the protein. 



MATERIALS AND METHODS 
Materials 

Oligonucleotide primers were prepared using an Applied 
Biosystems 381 A DNA synthesizer and purified as *trityl-on' 
oligonucleotides (100, 10l)or'trityl oflr'(105, 107, 108, 113. 114, 
T7-K), Their sequences were as follows: 



100 : TCATCGCTGAATACAGTTAC (3' end antisense) 
01 : GGTAAAATGGAAGACGCCAAAAAC (5' end sense) 

05: CACCTAATACGACTCACTATAGGGAGAATGGAAGACGCCAAAAAC (5' end antisense including the T7 promoter) 
07: AGAACTGCCTGCCGCAGATACTCGCA(5' end sense, underiined bases generate R codon) 
m: TGCGAGAATCTGCGGCAGGCAGTTCT(3' end antisense, underlined bases generate R codon) 

'l.^J'J^^^^ (3' end antisense with 21 bases coding for kemptide, a 

stop codon and a Sail restriction site) k * a 

n4: GGCCTCCCTGGGCGAAGACGCCAAAAAC (5' end sense, part of kemptide) 

coding iT-nX^^ ""^^^ '^^ P^^"^^^^^ P^^^ 

C-iS^nu?*''"' chemiluminescence count; KNt. luciferase with kemptide at .V-terminus; KCt, luciferase with kemptide at 

* To whom correspondence and reprint requests should be addressed. 
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The coding sequence for firefly luciferase was isolated from a 
cDNA library (Sala-Newby et aL, \99Qa,b). A 2400 bp Saa frag- 
ment was used as the target for amplification. Amplitaq DNA 
polymerase was from Perkin-Elmer Ltd., U.K., T7 RNA poly- 
merase was from Promega, nucleotides and Sephacryl SlOO were 
from Pharmacia and Ceniricon 100 cartridges were from Amicon, 
U.K. [r-32P]ATP (10-50 Ci/mmol), (a-=»2P]UTP (3000 Ci/mmol), 
stabilized P^Slmethionine (^ 1000 Ci/mmol), RNAase inhibitor 
and rabbit reticulocyte lysate (N90) were purchased from 
Amersham International pic. Restriction enzymes, alkaline 
phosphatase (24 units//il) and luciferin were from Boehringer 
Corp. Low-protein-binding ultrafiltration units, Ultrafree MC, 
were from Millipore Corp. Protein kinase A inhibitor (P-3294) 
and kemptide were from Sigma Chemical Co. All other AnalaR- 
grade reagents were from Sigma Chemical Co. and BDH 
Chemicals. The catalytic subunit of cyclic AMP-dependent 
protein kinase was generously given by Dr. K. J. Murray of 
Smith Kline Beecham, Welwyn, Herts., U.K. 

Preparation of DNA fragments 

Addition of the *T7 RNA polymerase promoter 
(TAATACGACTCACTATAGGGAGA) (Stoflct et aL 1988) 
and the DNA sequence coding for kemptide (CTGCGGCG- . 
GGGGTCCCTGGGC), as well as mutation of two bases within 
the luciferase cDNA, were carried out using PCR (Saiki et al., 
1988), as previously described (Sala-Newby e/ aL, 19906). Firefly 
{Photinus pvralis) cDNA (4 ng/ml) was amplified in a solution 
containing 10 mM-Tris/HCl (pH 8.3), 50 mM-KCl, 2 mM-MgCl„ 
0.01 % (w/v) gelatin, 0.2 mM each of the four deoxynucleoside 
triphosphates, 0.5 /lU of each ohgonucleotide primer and 40 
units of Amplitaq DNA polymerase/ml. The cycling reactions 
were carried out in a Perkin-Elmer thermal cycler. Each of the 25 
cycles consisted of 1 min at 94 °C, 1 min at 55 °C, 2 min at 
72 °C plus a 5 s extension on each cycle. Klenow fragment of 
Escherichia coll DNA polymerase (40 units/ml) was added after 
the completion of the 25 cycles, and incubated for 30 min at 
37 "C. 

The final product was extracted once with phenol/ 
chloroform/3-methylbutan-l-ol (25:24:1, by vol.) and precipi- 
tated with 2 vol. of 7.5 M-ammonium acetate plus 2.5 vol. of 
ethanol. The DNA concentration was assessed visually from 
ethidium bromide-stained agarose gels by comparison with the 
bands of a standard DNA (Sambrook et a/., 1989). 

Wild-type firefly luciferase DNA preceded by the T7 RNA 
polymerase promoter was prepared using oligonucleotide primers 
100 and 105 (see under * Materials'). The kemptide coding 
sequence was added to the 3' end of the firefly cDNA using 
primers 105 and 1 13. The incorporation of the kemptide coding 
sequence at the 5' end and the 2 bp change coding for the 
mutation V-217->R were carried out in two stages (Higuchi, 
1990). After the first amplification the primers were removed by 
filtration through Centricon 100 cartridges (Higuchi, 1990). The 
first stage of the introduction of kemptide at the ^-tenninus was 
carried out using oligonucleotide primers 114 and 100. The 
resulting DNA (4 ng/ml) was amplified for 25 cycles in the 
presence of oligonucleotide primers T7-K and 100 to produce the 
final product. The first stage of the preparation of the RRFS 
variant generated two fragments : 5' end fragment (643 bp) was 
generated by amplification with oligonucleotide primers 101 and 
108 and the 3' end (1018 bp) with oligonucleotide primers 107 
and 100. In the second stage the two fragments were mixed in 
equimolar amounts (2 fig of total DNA/ml), denatured (1 min at 
94 °C) and allowed to reanneal by decreasing the temperature at 
5.7 °C/min to 37 °C in amplification mixture containing primers 
105 and 100 followed by 1 min extension at 72 °C. Eight to 
twelve cycles of amplification under normal conditions followed. 
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Formation of luciferase in vitro 

PCR products (0.5-1.5 yMg/25 /^l of incubation mixture) 
transcribed as previously described (Sala-Newby et al.^ 1990M 
The RNA capped using 0.5 mM-m'G(5')ppp(5')G and O.l u^J* 
GTP was precipitated twice with 0.2 vol. of 7.5 M-ammonium' 
acetate and 2.5 vol. of ethanol. The RNA (1-lOOng) in 21 
of 10 mM-Tris/HCl, 1 mM-EDTA (pH 7.4), 3 fi\ of potassium 
acetate and magnesium acetate to optimize their concentration 
(90-110 and 1.6-2.0 mM final concns. respectively) and S fi] of 
rabbit reticulocyte lysate N90 were incubated for 1 h at 30 °q 
and luciferase activity as chemiluminescent (CL) count was 
measured in a home-built luminometer (Campbell, 1988) for 10 s 
at room temperature in 229 ^\ of 20 mM-Tris/acetate/0.3 dim- 
dithiothreitol/0.2 mM-EDTA/ 1 mg of BSA/ml/12 mM-magnc- 
sium acetate/ 1.5 mM-ATP, pH 7.75. The reaction was started by 
addition of luciferin to 0.2 mM final concentration (1 ng of 
extracted luciferase yields 2.1 x lO'* and 2.9 x 10** CL counts/ 10 s 
in the presence of rabbit reticulocyte lysate and buffer respec- 
tively). The amount of protein synthesized was measured by 
including 15 fiC\ of P*S]methionine/10 /tl of translation cocktail. 
Proteins were separated on SDS/9 % (w/v) polyacrylamide gels 
under reducing conditions (Laenunli, 1970) followed by fluoro- 
graphy and exposure to preflashed X-ray film. The luciferase 
bands were excised from the gel, radioactivity was measured in 
a liquid-scintillation counter and the amount of protein was 
estimated taking into account the concentration of methionine 
(28 /tM) in the lysate. 



Phosphorylation of proteins 

The proteins were synthesized in 100-250 /*! of rabbit reticulo- 
cyte mixture, precipitated in 64 % saturated ammonium sulphate, 
resuspended in 100 /i\ of 50 mM-Tris/Mes/1 mM-EDTA/0.3 mM- 
dithiothreitol (pH 7.8) for normal, and for protein with kemptide 
AT-terminus (KNt) and kemptide at C-terminus (KCt) and pH 7.2 
for RRFS, and subjected to gel filtration on a column 
(0.7 cm X 20 cm) packed with Sephacryl SlOO and equilibrated in 
the corresponding buff'er. Active fractions were pooled and 
concentrated by ultrafiltration. Protein was measured by the 
method of Lowry et al. (1951). BSA (fraction V) was used as 
standard. 

The phosphorylation was carried out in a mixture containing 
20 mM-Mes, 60 mM-sodium glycerol 2-phosphate, 30 mM-NaF, 
10 mM-magnesium acetate, 1 mM-EDTA, 1 mg of BSA/ml, 1 /tg 
each of leupeptin and pepstatin/ml and 125 /tM- ATP, pH6.8. 
Active fractions from the gel filtration (0.8-1 .2 mg of protein/ml, 
of which approximately 0,1 % was luciferase) were added to- 
gether with 0.5 /i\ of purified catalytic subunit of protein kinase A 
or catalytic subunit diluent (0.5 M-potassium phosphate/0.1% 
Tween-20, pH 6.8) per 40 fi\ of mixture [the catalytic subunit 
can transfer 7 mmol of "P/min per /i\ using 20 ;tM-malantidc 
as a substrate, as in Murray et aL (1990)]. The incubations 
were carried out at 30 °C for 10-20 min. Kemptide was 
also phosphorylated in the presence of rabbit reticulocyte that 
was gel-filtered under the same conditions as the variantsin 
the presence of [y-^'^PJATP (Livesey & Martin, 1988). The 
phosphorylated proteins were stored on ice until ready to assay. 



Dephosphorylation of the luciferase :' 

When the phosphorylated proteins were to be treated with ji 
alkaline phosphatase, the phosphorylation buffer contained nj) | 
sodium glycerol 2-phosphate nor NaF. For the dephospboryt- | 
ation reaction 0.7 unit of alkaline phosphatase//il and 0.01 tnM- i 
protein kinase inhibitor (Cheng et aL, 1985) were added to Ib^ | 
phosphorylation mixture. j 
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gffect of ?H on activity and colour of the light emitted by the 

I (^jiemiluminescence from the enzymes was measured by di- 

' luting them 40-fold into an assay mix with pH ranging from 6 to 

9 containing mixtures of 50 mM-Mes and 50 mM-Tris to give 

: the desired pH, 0.3 mM-dithiothreitoI, 0.2 mM-EDTA, 1 mg of 

j BSA/ml 12 mM- magnesium acetate, 0,2 mM-luciferin and 

, j5rnM-ATP. Colour was assessed using a dual- wavelength 

I [uminonieter fitted vnih narrow-band pass-interference filters, 

I ^th a maximal transmission at 603 nm (red) and 545 nm (green) 

j of 30.2 and 35.3 % respectively (Campbell et aL, 1985). The light 

j produced by the luciferase reactions was measured simul- 

i laoeously at the two wavelengths and the ratio of activity at 

' 503 nm to activity at 545 nm was calculated. The ratio was 

j corrected for the transmission of the filters, but not for the 

■ spectral sensitivity of the photomultiplier tubes, which at 603 nm 

was approximately 10% of its value at 545 nm. 



RESULTS 

Characterization of PGR products 

The PCR was used to amplify cDNA coding for wild-type 
firefly luciferase and for variants containing putative protein 
j kinase A-recognition sites at position 217-220 (referred to as 
RRFS), kemptide at A^-terminus (referred to as KNt) or kemptide 
at C-terminus (referred to as KCt). 

The PCR products were characterized using three criteria : size 
onagarose-gel electrophoresis, formation of ^^P-labelled mRNA 
of the correct size on glyoxal/agarose-gel electrophoresis and 
translation in vitro of the mRNA to form light-emitting protein. 
This protein was compared with wild-type synthetic luciferase 
for molecular mass, specific activity, pH profile and colour and 
with firefly tails luciferase when appropriate. The PCR generated 
a single DNA band apparently of the correct predicted size for 
all the recombinant DNA, i.e. for wild-type and RRFS the 
predicted size is 1682 bp, for KCt the predicted size is 1703 bp, 
and for KNt a major band is present at the predicted size 1703 bp 
with a minor band at 380 bp (Fig. 1). The yields were 1-3 /ig of 
DNA/0.1 ml of reaction mixture. No bands were seen without 
addition of primers or when template DNA was omitted. 

Transcription of the PCR products with T7 RNA polymerase 
generated a major band of ^^P-iabelled capped mRNA of the 
correct length, i.e. 1650 bp. Small quantities of longer and 
shorter mRNA products were observed (Fig. 2). The latter could 
.not generate light-emitting protein because removal of 12 amino 
acids at the C-terminus reduces the activity by 99 % (Sala-Newby 
1990ft). The yields of capped mRNA were 4-8 molecules 
of RNA per DNA molecule, the lower yields corresponding 
to DNA coding for KNt. No mRNA was detected in gels when 
the DNA transcribed lacked T7 promoter in spite of the detection 
of p2p]UTP incorporation equivalent to 0.05 molecule of RNA 
per DNA molecule. mRNA generated light-emitting protein 
(Table 1) and a major ^^S-labelled protein band of the expected 
?iolecular mass (60 kDa) on SDS/PAGE (Fig. 3). 

^racterization of the recombinant variants 

The new proteins were characterized using three criteria: 
^fic activity (i.e. CL counts//ig of RNA and CL counts/ng of 
protein), effect of pH 6-9 on their activity and colour of the light 
^tted as assessed by the ratio of chemi'luminescence at 603 nm 
to 543 nm. 

counts/ 10 s per ng of protein indicated the effect the 
Modifications had on the catalytic activity of the protein. 
Jjciferase with kemptide at the A^- or C-terminus had a specific 
"viiy similar to that of the wild-type and extracted luciferase. 
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However, the specific activity of the RRFS variant was only 
10-15% of that of wild-type luciferase (Table 1). The specific 
chemiluminescent activity estimated per jttg of RNA differed 
between the variants by a greater factor than the activity per jig 



Size 
(kbp) 



2.3 — 
2.0 — 



0.56 — 




1 2 3 4 5 6 7 
Fig. K Agarose-gel electrophoresis of cDNAs prepared by PCR 

Wild-type firefly cDNA was amplified with oligonucleotides 105-100 
(lane 2). The fragments of DNA that were used to prepare RRFS 
variant are shown in lanes 3 and 4. They correspond to PCR 
products obtained using oligonucleotide primers 107-100 (3' end) 
and 101-108 (5' end). The firefly RRFS cDNA is shown in lane 5; 
it was prepared by the amplification of DNA from lanes 3 and 4 in 
the presence of primers 105-100. cDNAs coding for variants with 
kemptide at N- and C-terminus are shown in lanes 6 and 7 
respectively. Size markers were //z/rdlll-digested A DNA Oane 1). 




Fig. 2. Transcription products of the cDNAs 

cDNAs produced by PCR were transcribed using T7 RNA poly- 
merase and the '^P-labelled mRNAs were separated by glyoxal/ 
agarose-gel electrophoresis, dried and autoradiographed as de- 
scribed in the Materials and methods section. The size markers were 
"P-labelled ////idlll-digested A DNA (lanes 1 and 4) (Sambrook 
etal., 1989). RNAs for the recombinant proteins arc shown as 
follows: RRFS (lane 2), wild-type flane 3), KNt Oane 5), KCt flane 
6). 
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Molecular 
mass (kDa) 
1 80.0 - 
116.0- 
84.0- 
58.0- 
48.5- 

36.5- 
26.6- 




Fig. 3. Synthesis in vitro of recombinant proteins 

mRNAs were translated using rabbit reticulocyte lysate in the 
presence of ["S]methionine. The proteins were separated by 
SDS/PAGE under reducing conditions. RRFS (lane 1), wild-type 
(lane 2), JCCt (lane 3), KNt Gane 4) and the products in the absence 
of mRNA Gane 5) are shown. Prestained molecular-mass (Da) 
markers were: ag-macroglobulin (180000), ;?-galactosidase (1 16000), 
fructose 6-phosphate kinase (84000), pyruvate kinase (58000), 
fumarase (48 50O), lactate dehydrogenase (36500) and triose phos- 
phate isomerase (26600). 



Table 1. Specific activity of the luciferases 

The values in parentheses indicate the number of independent DNA 
amplifications. Results are expressed as means ±s.e.m. and when 
only two determinations were made the range is given. 



Variant 



CL counts/ 10 s 
per ng of protein 



CL counts/ 10 s 
per fig of RNA 



Protein/ RNA 
(mol/mol) 



Wild-type 
synthetic 
RRFS 
KNt 
KCt 

Extracted 



(2.6±0.5)x 10^ (3) (3.0±0.6)x 10' (5) 1,04 

(3.0±l.0)xl0*(6) 
(2.1-3.7) X 10* 
(2.1-2.0) X 10» 
2.1 X 10* 



(3.9 ± 1.3) X 10=* (6) 
(4.2-4.7) xiO* 
(3.7-8.9) X 10« 



O.ll 
0.14 
0.27 



of protein. All the variants with phosphorylation sites showed 
less activity per /ig of RNA than the wild -type variant (Table I). 
The number of molecules of protein produced per molecule of 
RNA in the translation assay, estimated from the two specific 
activities, confirmed that the normal synthetic wild-type enzyme 
yielded up to nine more copies of RNA than the other three 
(Table 1). The lower levels of translation shown could reflect 
differences in the secondary structure of the mRNA with the 
translation assay being optimized for the wild-type synthetic 
RNA. An additional effect due to a change in the codon usage 
cannot be ruled out. The RNA coding for KNt also contained an 
RNA band at approx. 500 bp (Fig. 2, lane 6) which would not 
translate into active protein as this would reduce the specific 
activity estimated per total RNA. 

Effect of phosphorylation and dephosphorylation 

Initial experiments using kemptide as a substrate for protein 
kinase A indicated that rabbit reticulocyte lysate inhibited 
phosphorylation of kemptide (results not shown). Gel filtration 
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Fig. 4. Effect of phosphorylation-dephosphorylation on the activity of 
RRFS luclferase (V-217 - R) 

Partially purified variant RRFS was incubated at 30 as described 
in the Materials and methods section in the presence of kinase 
diluent only (O). protein kinase A catalytic subunit with (♦) and 
without ii^) phosphate inhibitors. At 24 min alkaUne phosphatase 
and protein kinase A inhibitor were added (1). Samples were taken 
from the tubes at various times up to 90 min, diluted immediately 
40-fold into luciferase assay mixture pH 7.2 and the chemilumi- 
nescence was measured for 10 s. Activity at time 0 was measured 
before addition of kinase. Results are presented as percentage of 
activity at time 0. Each point is a mean of two and a representative 
experiment is shown. Experiments were carried out with protein 
produced from two separate PCRs. 



removed the inhibitory activity and 1.7 ±0.2 (« = 3) nniol of 
phosphate (1,3-1.4 mol when phosphatase inhibitors were omit- 
ted) was incorporated into kemptide after 20 min incubation per 
40 /i\ of reaction mixture. 

Incubation of the RRFS luciferase variant with protein kinase 
A catalytic subunit in the presence of ATP resulted in a decrease 
in its catalytic activity to 19 ±4% = 5) within 20 min, and 
remained at this level for the duration of the experiment, i.e. 
90 min (Fig. 4). When alkaline phosphatase was added to the 
phosphorylated RRFS luciferase, the chemiluminescent activity 
increased to control levels within 30 min. No effect of protein 
kinase A was observed on the activity of wild- type luciferase, nor 
on recombinant luciferases with kemptide at the N- or C- 
terminus, at any pH (Figs. 5a and 5b). 

Attempts to demonstrate a change in pi between the various 
recombinant luciferases, using isoelectric focusing, were un- 
successful, because of artifactual bands generated from the 
focusing procedure. However, the major band for recombinant 
and extracted luciferase had the same pi (6,6). 

Recombinant wild- type luciferase had a pH optimum of 
around 7.8, identical with that of the extracted luciferase (Fig- 
6a). Addition of kemptide at the A^- or C-terminus appeared to 
have no effect on the pH profile (Figs. 5^ and 6a). Similarly these 
three recombinant proteins had similar colour shifts to the re 
at acidic pH (Fig. 6b). In contrast the RRFS mutant luciferase 
showed both an altered pH profile with optimum activity a* 
pH 7.2 (Figs. 5a and 6a) and a shift in colour to the green at aao 
pH (Fig. 6b). The inhibitory effect of phosphorylation on RRf;^ 
activity was most marked at its optimum pH (Fig. 5a). The ratio 
of light emission at 603 nm/543 nm measured at pH 7-5 changfj 
from 0.16 to 0.32 after phosphorylation, indicating that the hg" 
became redder. Since the detection system used fdr activity 
measurements was less sensitive to red light, this red shift ta^j 
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Fig. 5. Effect of pH and protein kinase A on the activity of recombinant 
luciferases 

The variants were incubated for 1 5 min in the presence of protein 
kinase A (closed symbols) or kinase diluent only (open symbols) as 
described in the Materials and methods section. The resulting 
enzyme activity was then measured in triplicate (mean +S.E.M.) at 
various pH values, (a) Wild- type (0,0) and RRFS (♦, O). (b) 
KNt (A, A) and KCt (▼, V). 



partly explain the decrease in activity for the phosphorylated 
enzyme. 
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Fig: 6. Effect of pH on the activity and colour of the light emitted by 
luciferase variants 

{a) pH optimum curve. The results are expressed as % of maximal 
activity (mean + s.E.M.) from three to five experiments, each in 
triplicate. O, Wild-type recombinant; extracted luciferase; O, 
RRFS; A, KNt; V, KCt. (b) pH effect on the colour of the light 
produced. The ratio of chemiluminescent counts at 603 nm and 
545 nm was measured in triplicate at each pH (mean + s.E.M.). O, 
■ Wild- type recombinant; extracted luciferase; ' O, RRFS; A. 
KNt; V, KCt. The luciferase from firefly tails was purified as 
described by Sala-Newby et al. (1990^^). 



DISCUSSION 

The results presented demonstrate that DNA amplification 
coupled to transcription-translation in vitro allowed the gener- 
ation and characterization of firefly luciferase variants con- 
taining phosphorylation sites. Only one of the variants (RRFS) 
showed a decrease in its activity when incubated with the catalytic 
subunit of protein kinase A in the presence of ATP, and the effect 
was reversed by addition of alkaline phosphatase (Figs. 4, 5a and 
56). The enzyme activity per unit of protein of the wild-type 
Variant and the luciferases with kemptide at the A^- or C-terminus 
were indistinguishable from that of the extracted luciferase 
(Table 1). The activity expressed per unit of RNA was more 
variable and lower for all the variants with phosphorylation sites 
than for the wild-type. The pH-activity profile for KNt, KCt and 
wild-type were very similar, but RRFS had a lower pH optimum 
(Fig. Sa). The colour of the light emitted was assessed by 



measuring the ratio of activities at 603 nm and 545 nm (Fig. 6b). 
At alkaline pH no significant differences were detected but as the 
pH was decreased the variant RRFS had a significantly lower 
ratio, indicating that the light emitted was greener than for all the 
others. As chemiluminometers contain photomultipliers which 
are more sensitive to green than red light this colour change 
cannot explain the decrease in specific activity measured.. The 
activity was measured under saturating concentrations of ATP 
and luciferin, suggesting that the was decreased. 

Several beetle luciferases have now been cloned: Photinus 
pyraliSy Pyrophorus plagiophthalamus and Luciola cruciata (de 
Wet etai, 1987; Wood etaL, 1989a,6; Tatsumi et aL, 1989). 
Spectral changes are known to occur in the light emitted by 
firefly luciferase in response to changes in pH and temperature, 
and in the presence of heavy metals (Seliger & McElroy, 1964), 
Work on four click-beetle luciferases that show 94-99 % sequence 
homology demonstrated that a small number of amino add 
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substitutions were responsible for the different colours displayed 
by the iuciferases. The spectral shift between luciferases yellow- 
green and yellow belong to the amino acid set, R-223', L-238 

V with the effect probably being due to R-223 E (Wood 
e/a/., l9S9a,b). Since all the beetle luciferases use the same 
luciferin, the colour of the light emitted in the reaction must 
depend on the environment around the emitter (i.e. oxyluciferin). 
The oxyluciferin can exist as a monoanion (kelonic form) or 
dianion (enolic form) at acid and basic pH respectively. The 
presence of an arginine in position 223 of the click-beetle 
yellow-green luciferase seemed to be responsible for a shift to the 
green in the light it emitted. The change V-217-^R-2I7 that 
generated RRFS in Photinus luciferase introduced a basic amino 
acid in that area of the protein and also resulted in a shift to the 
green of the light emitted, suggesting that a positive charge there 
stabilized the oxyluciferin dianionic form, the green emitter. 

The phosphorylation of the RRFS variant by the catalytic 
subunit of protein kinase A decreased its activity, and de- 
phosphorylation reversed the effect. The decrease in activity was 
accompanied by a spectral shift to the red that can account for 
part of the lower activity measured. The other two variants, KNt 
and KCt, showed no detectable differences from the wild-type 
luciferase in any aspect. The luciferase with kempdde at the C- 
terminus was expected to show properties different from the 
normal luciferase in view of the fact that the removal of 12 amino 
acids at the C-terminus nearly abolishes activity (Sala-Newby 
€t ai, 19906). The removal of three amino acids (results not 
shown) and the addition of the seven amino acids from kemptide 
at the C-terminus did not affect the catalytic properties. This 
could be important when using firefly luciferase or its variant in 
eukaryotic cells because the last three amino acids of the C- 
terminus contain a peroxisomal targetting signal (Keller et aL, 
1987: Gould etal., 1987). 

The RRFS variant provides, for the first time, an indicator 
potentially useful for measuring protein phosphorylation in 
intact cells, and has also highlighted a domain within the enzyme 
that results in changes in colour in response to a change in 
charge. Recognition peptides for other kinases could thus be 
engineered in this region of the protein, thereby establishing a 
universal strategy for measuring any protein kinase and visualiz- 
ing it in living cells (Hooper et aL, 1990). 
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